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SURVEY OF LESS-INFLAMMABLE HYDRAULIC FIUIDS FOR ATRCRAFT

By Wray V. Drake and I. L. Drell

SUMMARY

Because hydraulic flulds were the initial inflammsbles in a
mmber of aircraft fires, attempts have been made by private and
government research organizations to produce hydraulic fluids with
increased resisbance to flre. A survey of the developments in
this field is presented herein. Specification regulrements,
physical and chemicel properties, hydranlic-system test results,
and sdvantages and disadvantages of various hydranlic flulds are
discussed. Types of less-Inflemmsble hydreulic fluid reported are:
glycol derivative, water base, silicone, ester, and halogenated
compound. For completely satisfactory service, some modificatlon
of currently availsble fluids or of present hydraullc-system parts
still appears necesBary.

Various glycols, glycol ethers, polyglycols, and polyglycol
ethers and esters have been consldered as components. Ieast
Inflemmability was noted for glycols of low molecular weight and
for polymeric glyccls and polymeric glycol ethers. Flulds with
some promising propertles have been devised that conbain polymeric
glycol ethers plus dlicarboxylic or phosphate esters.

Teasg-inTlammeble hydraultic fluids have been formmlated with
water and ethylene glycol as maln components. Improvement of low-
temperature characteristics, diminlshed wear in pumps, and decreased
attack on active metals are among the objectives sought in the con-
timied development of this type of fluid.

Silicones of sultable viscosity exhibited many desirable
qualities that recommend their use for less-Inflammable hgdraulic
fluids. Difficulties (later partly resolved) were encountered in
excesslive wear due to sliding friction bebtween steel-to-gsteel and
steel~to-cast-1ron surfaces, shrinking and hardening of O-xring
rubber packings, and meintensnce of tight commections in hydraulic
lines.
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Of the various esters tested as componenis - phogphates,
dicarboxylates, borates, and carbonates - the phosphates appeared
the most difficult to ignite and the most stable to hydrolysis.
BEsters exhiblted tendencles towards oxidatlon and corrosion and
caused. greater swelling of conventlional rubber packings than
petroleum-bage hydraulic flulds.

A number of chloro end chlorofluoroc orgenlc compounds have
shown promise as sonuffer constituente of less-inflammable bydraunlic
fluids. Many fluorocarbons Investigated were Insufficiently
miscible with other components over the appropriate temperature
range. A mumber of fluids containing halogenated compounds caused
unfue swelling of present rubber packings. The toxle effect of
many of these compounds 18 yet to be determined.

INTRODUCTION

A survey was made at the NACA Lewis lsboratory of fires occur-
ring in commercial alr-carrier accidents in the United States and
dependent territories durling the 10-year period ending July 1, 1948
{(reference 1). Of the firee in which the initial combuetible was
ldentified, 5 percent was attributed to hydraunlic fluids. A more
detailed analysis follows:

Type of |Totael number | Number of flres with |Number of flres caused

fire of fires initial combustible |by hydrantic fluilds
ldentified

Ground 82 72 6

Flight 135 110 3

Crasgh 61 7 1

The problem of fires resulting from use of inflammable hydraulic
flulds seemingly can be golved and therefore has received consider-
able attention during and since World Wer IT.

The fire hazard that sarises from use of Inflammeble hydramlic
fluids is a matter of serions concern to commerclal and military
operators because of the wilde distribution within the airplane of
lines carrylng the fliild under pressure. In some aircraft, these
pregsures are as high as 3000 pounds per square inch. Ieaksge of
the fluid l1s not uncommon; in edditlon, & breek in the line will
permlt & stream of fluid or & very inflemmable mlist to be exposed
to a posslible ignition soarce.
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Many organizations have been actlvely engaged in the develop-
ment of less-inflammeble hydraulic flulds; as a result, several
promising fluids have been produced. Details on the varlous types
of fiuild are presented herein, although Information on a few is
not glven. As & particlpant in the program for the reduction of
fire hazards 1n alrcraft, the NACA TLewls leboratory, in reference 2,
briefly presents the progress Iin the development of lesg-infleammable
hydraulic fluids. Since the publlication of reference 2, a more
extensive survey has been made by the NACA in an effort to ascertaln
the ourrent status of the development of lems-Iinflammsble flulds.
The results of this survey are summarized herein in order to provide
& bagis for future effort in this field.

HISTORY OF HYDRAULIC-FLUID DEVELOFPMENT

Water was the earliest liquid ntilized as 2 hydranlic fiunld;
however, its usage was samewhst limited by poor lubricity. In the
gearch for liquids of more deslyable lubricity, subsequent develop-
ment led towerd liquids that are by nature highly Iinflemmable. The
firat of this class was a castor-oil-base type that contalined ethyl
alcohol ag a diluent (reference 3). This £inid was employed in the
brake system of & rmumber of automobiles in the middle 1920's (ref-
erence 4) and improved castor-oll-base formlations were later used
in aircraft hydraulic systems. In recent years, petroleum-base
fluids having sultable viscosities, pour points, and low-temperature
stability have been used in order to permit cold-weather operation
of aircraft. The importance of petroleu:m.-‘base fluids has increased
steadily since the early 1930's.

Early in World War II, the United States military aunthoritles
started programs to develop noninflammable or less-inflammsable
bydraulic flulds for aircraft. HNear the close of the war, a number
of airplane memufacturers, petroleum refiners, chemlcal companies,
end assgociated industries became active in the development of such
finids. As a result, cerbtaln chemical and physical facts have
already hecome well established and some fields of related research
have been extensively Investigated. Detells of this development
will be subsequently discussed.

HYDRAULIC ~FLUID SPECIFICATIONS
Although inflemmebility characteristics must obvionely serve as

the baslis for selectlon of liguids to be considered as components of
lesg~inflammable hydraulic flulds, many obher reguirements must be
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met before & newly develcoped fluid ocan be accepted. The chemiocal
nature of the less-inflammeble liguids consldered at present is,
however, such that complete conformance with specifications written
for petroleum-base flulds is expected to be guite difficult.

For several years, the Bureeu of Aeronautlics, Department of
the Navy, has had e noninflammable-hydraullc-fluid specification
(reference 5) that applies to one specific water-base type. In
table I, specification AN-0-366 for the conventional petroleum-
basge hydraulic fluld 1s compared with two general specifications
for less-inflemmeble flulds, SAE AMS 3150A and & proposed military
specification dated December 12, 1949. The SAE specification (refer-
ence 6} is an interim type for use in commercial-aircraft hydraulic
systems; the proposed milibary specification, which is for develop-
mental purposes only, presents the Jolnt requirements of the Alr
Force and the Bureau of Aeronautics. Some of the specification
requlrements are discussed in the followling paragraphs.

Packings. - Synthetic rubber packings are used to insure proper
performance and tight comnections for the hydramlic system. Experi-
ence has shown thet constituents of even petroleum-base hydraulic
flulds must be controlled to keep rubber swelling withln sultable
limits. A still greater problem in this regerd is presented by a
lesa-1nflammable hydraullio fluld because a greater variety of types
of chemical may be employed. .

_ Compatibllity. ~ New hydraullc fluids should be compatible with
petroleum-base hydranlic flulds; the formatlion of immiscible layers,
preclpitates, or sludges would be unnsatisfactory. Compatibility
requlrements for SAE AMS 3150A hydraullc finids are less severe than
demends made by the proposed mllitary specificatlion.

Toxicity. - The less-inflammable hydrsulic flulds desired by
both military and commerclal groups should be nootoxic. Same adjust-
meut of demerfds may be necessary and logical, considering the present
acceptebllity of the use of tetraethyl lead 1n the fuel.

Viecoslty. - Because commerclal alrcraft are not generally sub-
Jeoted to the very low temperatures militery aircraft must meet, the
low-temperature viscosity requirements for the less-inflammable
hydranlic flnld for commerciel eirplanes are not as severe as are
the militery demends. Fluids for commercial sirplanes may have vis-
copities at -40° F as high as 2000 or 7000 centistokes in conbrast
to the present 500-cenmbistoke limit at -40° F or the roughly corre-
sponding 2500-centipoise limit at -65° F proposed for military aircreft.

SRR
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Low-tenmperature stablility. - Hydraulic fluilds for aircraft use
may be exposed to low temperatures for long periods of time. A
fluid that forms sollids or two liguid pheses under low-temperature
condltions 1s undesirable. Military redquirements in thls respect
are consldered to be more severe than commercial requirements.

Corrosion. - Both militery and comnercial regquirements avold
corrosion of metallic partea of the hydreulic system. The Influence
of moisture 1s congldered in testing the corrosiveness of the less-~
inflammable hydraulic fluld for commercial alrcrafb.

Oxidation. - Oxidation of flulds containing petroleum fractions
produces acldic materials and sludges, particulerly in the presence
of certain metals. The extent of oxidation of less-inflammsble
hydranlic flulds is slsc determined and controlled.

Shear stabllity. - Military and commerciel groups are both
interested in shear stability of the fluld. Details of test cone
ditions for each group are glven in table I; conditions for the
camercial fiuid apparently are the most rigorous.

Wear and Jubricatlion. - Control of these properties in the case
of less-inflammable flulde for military and commercisl ailrcraft is
quite importent, as noted in the specifications of table I.

Tnflemnability. - The term “"less-inflammable” 1s used herein to
describe a Tluld that ignites with greater difficulty than a petroleum-
bage hydranlic fluid but that will show slight ignition in any of the
inflammability tests of the SAE AMS 3150A speclification; the term
“noninflammeble” is restricted to the condition where no flame whatever
occurs in tests carefully performed in accordance with this specifi-~
cation. The inflammebility characteristice of hydraunlic fluids cannot
be defined adequately by & single procedure. For this reason, several
of the following methods are required in variocus speclficatiomns:

1. Auvbtogenous-ignitlon-temperature test. -~ The SAE specifi-
cation (reference 6) states that the autogencus-ignition temperature
shall preferably be above 750° F, as determined by A.S.T.M. Method
D286-30. The autogenous-ignition temperature (also called spontaneons-
ignition temperature) is the temperature at which the Ffinld ignites
upon immediate conbact with a heated surface. An earlier version of
the proposed military specifilcation reguired an aubtogenous-ignition tem-
perature of at least 1000° F; the present version, dated December 12,
1242, does not include an sutogenous-ignition-~temperature test.

2. Oxygen-demand test. - The oxygen-demand test was developed
at the Naval Research Laboratory (referemce 7) and is desigped %o
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measure bthe degree of Inflammability in terms of the emount of oxygen
in an oxygen-nitrogen mixture necessary to propagate an src-lgnited
flame in a finely divided spray of fluld in that atmosphere. In
general, substances found to be guite inflammable requlired as little
as 12 percent oxygen in the gas mixbture; these substances included,
for example, benzene, n-hexadecane, and same samples of castor-oil-
basge and petroleum-base hydrsmlic fluids. In contrast, a few chlorin-
ated substances, certain carbonate esters, some silicones, agueocus
solutbtions of several glycols or their moncether derivatives required
over 60 percent oxygen. The earlier version of the proposed milltary
gpecification for lese-inflammable flulds required that the percentage
of oxygen needed for flame propagation be limited to & minimm of

50 percent; the present version of this specificabtion does not include
an oxygen-demand teat.

3. Spray test. - In this test, the hydraulilc fliuld shall not
increase the intensity of & standard fire when emitted in & dense
spray. The SAE specification (reference 6} requires that the test
fluld be equal to or betier than the sbtandard reference fluid HS-1.

4, High-temperature-ignltion spray test. - The specifications
regulre that the fluld be sprayed through an orifice under high pres-~
sure and that an attempt be made to obtain continuous ignition with a
concentrated flame source. In order to pass the proposed mllitary
specification, the fluid shall stop burning upon removael of the flame
gsource and ghall not ignite except around the flame-source area ltself.

5. Menifold test. - In this test, the hydraullc fluld 1s dripped
onto a simileted manifold section heated to approximastely 1300° F,
The proposed military speclflcation requires that the fluid shall not
ignite on the manifold or upon leeving the manifold.

6. TIncendlary-gunfire test. - The gunfire test is a military
test and 18 not specifled for the commercilal type of fluid. The
propoged military specification requires that the fiuid shall not
burn when subjected to dlrect penetretion by a 0.30-caliber incendi-
ary bullet. Incendiary-flring tests on several flulds of interest
are described in reference 7. The height of the resulting flame wvas
considered to be & criterion of the relative flammebility of the
hydreulic fluid.

DEVELOFMENT OF LESS~INFLAMMABLE HYDRAULTC FLUIDS

As previously mentloned, inflemmebility teste have served as the
bagis for the selection of potential components of less-inflammable

L2 mee e TS

1363 ,



€9eT

NACA RM ESOF2S8 ’ REIERCTIE 7

bydraulic fluids. Preliminery 1nflammabllity btests, conducted dy
the Naval Research Laboratory (references 8 and 9) and summsrized
in reference 7, Indicabted the following clssses of materiel to be
of promise:

(1) Certain polyalkylene oxldes
(2} Glycols with high percentages of oxygen

(3) Certain agueous orgenic solutions containing sufficiently
high proportions of water to render them noninflammable

(4) Silicones with viscosities of over 20 centistokes at
100° ¥, if properly stripped of volatile fractions or impurities
(The substances of particuler interest are polymethylsiloxsnes and
poly(methyl, phenyl) siloxsnes.)

(5) Chlorinated or fluorinated hydrocarbons and ethers that
contain approximately three atams of halogen per molecule (For
substances studled, this amount wes equivalent to nearly 50-percent
halogenation of the compound.)

Among types of materlal considered unfavorable for use as non-
inflammable flulds at the time the investigation was inltlated were
certain organic phosphates and esters of dibasic acids (references 7
and 9). Both ester classes are discussed later because other
investigators belleve sulteble less-inflammable fluids may be formm-
lated by using constituents from these classes. (Two different
criterions of inflammabillty were unbtilized by the respective research

groups.)

On the basis of availebility, hydrolytic properties, deleteriocus
effect on packings, toxicity, and cost, classes (4) and (5) were not
given 1mmediate conslideratlon after preliminary lnvestigations by the
Raval Research Leboratory (reference 9). Primsry emphasis in the
development of & new hydraulic fluid was thus placed on those chemicals
in classes (1), (2), or (3). In actual practice, all three classes
were involved because preliminery surveys showed that polyalkylene
oxides and glycols alone did not possess requisite properties for a
noninflammable fluid (references 9 and 10). Ultimately from these
fundamental conslderatlions, the Naval Research ILeboratory evolved
Hydrolubes C, A, U, and U-4, although other versions of Hydrolube U
have recelved consideration.
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GLYCOL DERIVATIVES

A number of glycols and glycol derivatives have been considered
as posslble components of lesg-inflammable hydreulic flulds. Most
of the published Information on the subject has been lssued by the
Navel Research Laboratory (references 7 to 11}.

Monomeric Glycals

Inflammeblility data for only e few of the simple alkylene
glycols have been reported. Ethylene glycol is indicated (teble II)
to be slightly less inflammeble than propylene glycol. Both were
considerably less inflammeble than petroleum-bage hydravulic fluids
end would pass the aubtogenous-ignition-tempersture test of the
SAE AMS 3150A but not the corresponding test nor the oxygen-demand
test of the earlier proposed militery specificetion. In the incendlary-
gunfire teat, ethylene glycol occaslionally produced flames of 3 to
8 feet in height, which the inveatigatore considered small (refer-
ence 1ll). Water solutions of this glycol produced flemes of lower
magnitude. This type of solution will be more fully discussed in
the section on water-base flulds.

Higher members of the alkanedlol sexries are available up to
octanediols but 1little or no information hes been published on
inflarmebility and other properties of interest in hydraulic-fluld
behavior.

Monomerlic Glycol Ethers

Simple glycol ethers (monocelkoxyalkanols) have shown much
greater inflemmabillity than the corresponding glyceols. Thus, the
nmonomethyl, monoethyl, and moncbutyl ethers of ethylene glycol had
mich lower flash points and oxygen demands than ethylene glycol
1tself, as shown in teble IT. These ethers were at leasi as
inflammable as petroleum~base flulds.

In addition to low flash polints, other dlsadventages of lower
glycole and glycol ethers as posslible constituents of less-inflsmmable
hydreulic fluids (reference 11) are: low oxidation stabilities,
hygroscopic nature (causes agueous corrosion problems), low viscosity
indices, and solvent action for the plastlcizers of rubber packings
(partioularly true for some glycol ethers of low molecular welght).

RN
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Some of these difficmlties might be overcome with the ald of
viscosity-index Improvers and other additives. With a few possible
exceptlons, the lower glycols and glycol ethers, however, are
considered to be insufficiently fire resistant to show promise es
less-inflammable hydranlic~-fluid components unless they are used
with a highly efflclent snuffer or a flame-extingulshing agent such
as water.

Polymeric Glycols

Such polymers as dlethylene, triethylene, tetramethylene,
hexaethylense, and nonaethylene glycols may now be cobtalned as well
as homologons polypropylene and polybutylerne glycols. The sutogencus-
ignition temperatures and oxygen demands for the first few members
of the polyethylene glycol series is shown in table I of reference 10
to decrease with a higher degree of polymerization although the flash
points increase. Bolling points rise with the degree of polymerli-
zetion but the freezing polnts also increase. A comercial polyethyl-
ene glycol (predominsntly nonaethylene glycol) with & molecnlar
weight of about 400 had a flash point of 435° F but the freezing
range was 4° to 10° F (veference 12).

Pour points of the polyalkylene glycols could be lowered by the
use of isoslkylene units to glve branched-chain structures; viscosi-
tles would be increased at the seme time. Nevertheless, reference 11
does not consider the polyalkylene glyools promising because of thelr
low visocosity indices.

The low viscosity indilces for the polymeric alkylene glycols
are thought probably to be due to the hydrogen bonding that linvolves
the terminal -0OH groups (reference 11). This perticular linkage
can be reduced in amount or eliminated by placing an ester or ether
group in one or both terminal positiomns. Assoélatlon is then much
less and higher viscosity indices can be expected. Such compounds
are commercially available in varlious types and viscosity grades.

Polymeric Glycol Ethers

Two ethers of polyglyccls having & low degree of polymerlization
are included in table IT, namely, the monocethyl ether of diethylene
glycol and dimethoxytetraethylene glycol. Both ethers had oxygen .
demands of only 12 percent, the same &e that of petroleum-base flulds.
However, many of the alkyl mono- and di-ethers of higher polymers of
ethylene and propylene glycols, identified a&s HB and IB flulds,
respectively, are considersbly more fire resistant.
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The IB and HB flulds having viscosltles of over 10 centi-
stokes at 100° F have (reference 11} flash polnts between 325° and
490° F; fire polnts between 375° and 600° F, and autoger.;us-ignition
temperatures between 720° and 750° F. Oxygen demands range from
54 percent for more viscous grades to 20 percent for grades wlth
viscosities below 10 centistokes at 100° F. Incendiary-gunfire tests
of these flulds show results similar to those for ethylene glycol.

The IB fluids are slightly water soluble and have water
tolerances of 1 to 3 percent; the HB flulds are completely miscible
with water at ordinary temperatures (reference 13). Rust inhibitors
are needed and varlous polar-type inhibltors have been developed
(reference 11).

The IB and HB fluids also need oxidation inhlbiltors because
in the pure form they oxidize in a week at 150° F; effective anti-
oxidants sre avallable for these flulds (reference 11). These poly-
ethers are good lubricants and have 1lttle hardening or swelling
effect on most rubber packings (references 13 and 14). Oxidation
products are elther volatile or soluble in the flulds and difficul-
ties with sludge formetion rarely occur (reference 11). The princi-
pal disadventage of these polyethers as alrcraft hydraulic flulds is
probably that flulds with viscosities of 10 centistokes at 130° F
have viscositles of about 10,000 centistokes at -40° ¥ (reference 11).

Formailatlons

The addition of high-bolling-point organic thinners with high
viscoslity indlces and low pour polints has been suggested to overcame
the aforementioned disadvantage of the polyethers (reference 11).
Thus, when 40 percent by weight of the high-bolling-point aliphatilc
dicarboxylic ester, di-(2-ethylhexyl) adipate, was added to IB-140
fluld, the viscosity changed from 30,000 to 5500 centlstokes at
-40° F and the viscoeity at 130° F changed from 18.1 to 10.1 centi-
stokes. No lome in flame resistance occurred; the flash point and
autogenous-ignition temperature remained the same as that for the
undlluted 1B-140 fluild and the oxygen demend of the blend was
above 50 percent. This blend would not meet the most rigid specifl-
catlions for less-inflemmable hydraullc fluids but at least on vis-
coglty properties, 1t satlefies the requirements of SAE AMS 31504
(grade 7000). The possibility remains that better formmlations of
this type, conbalning polyethers as primary constltuents, mlght be
developed. _

1363
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Formilations with polyethers as secondary constituents have
been studied. In order to demonstrate viscosity possibilities,
Carblde and Carbon Chemicals Corporation, the producer of HB and
IB fluilds, prepared a blend contailning 27 percent by weight of
HB £luld (grade 5100) and 73 percent by weight of triethyl phosphate
(reference 11). This blend had viscositles of 10.3 centistokes et
130° P and 442 centistckes at -40° F, easily meeting the difficult
viacosity requirements of the AN-0-366 specification. This blend was
definitely more fire resilstant than the AN-0-366 fluild with a flash
point approximately 100° F higher, an autogenous -ignition temperature
at least 300° F higher, end an oxygen demsnd of 55 percent. On these
Inflemmebllity properties at least, this blend would pass the require-
ments of SAE AMS 3150A. Satisfactory wear preventatives and corrogion
and rust Iinhibitors could probebly be cbtalned for this fluid (refer-
ence 11); however, the large proportions of phosphate ester caused
excessive swelling of the rubber packings.

Advantages and Disadvantages

On the basis of present knowledge, glycols of low molecular
weight exhibit greatly decreased inflammebility but are deficient
in low-temperature vlscosity properties; thelr ethers are too
inflemmable, have poor oxidation stability, low viscosity indices,
end solvent action for rubber-packing plaesticizers. The polyglycols
show moderate resistance to fire and heve high boiling polnts, but
indicate the dlsadvantage of high freezing points. Thelr viscosity
characterlstics are poor, possibly because. of agsocliated molecules.
Some pramise has been shown by the ebthers or esters of polyglycols
in respect to viscosity and viscosity indlces.

Further regearch in this fleld might include IB flulds of
suitable viscosity plus helogenated esters, ethers, or hydrocarbons.

WATER~-BASE FLUIDS

The Naval Research Laboratory has experimentselly esteblished
the less-inflammsble nature of ethylene, diethylene, and propylene
glycols and thelr agueous solutions, as well as agueous solutlons
of certain ethers of ebhylene, diethylene, and tetraethylene glycols;
the results of this investigation are presented in teble IT. The
agueous sclution of ethylene glycol was preferred as the noninflam-
meble base stock after glving consideration to the inflsmmability
results and the following factors (references ¢ and 10):

(1) Attack on. packings by the solution

SR L g
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(2) vVolatility, flash point, and incendlary fire hazard of
orgaenic substance alone

1363.

(3) Difficulty of formulating fluid of desired viscosity and
viscoslty Index if bese stock has too high a viscosity

(4) Availebility, on a large scale, of organic compound at
time of Investigatlon

The freezing points of both water and ethylene glycol are
depressed when the ligqulds are mixed. The eutectic mixture freezes
at approximately ~65° F and contains 67 percent by volume of the
glyool end 33 percent by volume of water. In order to offset water
evaporatlon and the resulting rapid rise of freezlng point and vis-
cosaity, & solution of 55 percent by volume of ethylene glycol and
45 percent by volume of distilled water was used. Furthermore, for
adequate fire resisbance, at least 40 percent by volume of water
was found necessary. The freezling point of the selected base stock
was -55° F.

The formulation that showed the most promise 1In the early
investigations was called Hydrolube U and contained, in addition
4o the base stock, a vlscoslity-index improver of the polyalkylene-
oxlde~-copolymer class, ligquid- and vapor-phase corrosion inhibiltors,
and & copper deactlvabor. Selection of suiteble inhibltors was made
efter examination of & large number of campounds and combinations
(reference 10).

A gecond formmlation was devised thaet showed lese promise because
of merked shear breakdown of the polymer during pump tests, greater
corroplve effects, and evlidence of hard tecky residue from the evapo-
ration test. The main difference in constltution between this formm-
lation, known as Hydrolube A, and Hydrolube U was the polymer used
as the viscoslity-index improver. A sodlum polymethacrylate was employed
in Hydrolube A. The composition and socme of the properiles of the two
formulations, as well as those of Hydrolube U-4, are given in table IIT.

Inflammability Tests

The Iintlammebility characteristics of the maln components of
Hydrolube U are indiocated in table IX. In addition, the Cilvil
Aeronautics Administration (reference 15) conducted an investigation
of such characteristics for several hydranlic fluids under conditions
of simnlated fire in flight and after crash. The fluids examined were »
releaged under presgures of 1000 and 3000 pounds per square Iinch and
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subjected tc ignition by exhaust flames, hot exhaust stack, burning
gasoline, and ignition spark. Filre afiter crash was simmlated by
the discharge of the fluids at a pressure of 3000 pounds per sguare
inch into an elechbric arc and an oxyacetylene flame. By these
tests, Hydrolube U was rated noninflemmeble. After expulsion of
water from this fluid, however, a low flash point of 295° F was
obtained (reference 15).

Chemical and Physical Tests

The behavior of water-base flulds 1n small-scale chemlcal and
physical laboratory tests is reported by several laboratories (ref-
erences 9, 10, and 16). Although these tests were not run under the
seme conditions, certaln generel concluelons are possible.

The viscosity of the Hydrolubes as formmlated wes designed to
be equivalent at 130° F to that of AN-VV-0-366b fluld (a specification
preceding AN-0-366), that is, 10 centistokes. At -40° F, however,
the viscoslty was nearly four times ss great as the 500 centlistokes
this specification requires. The values easily met the SAE AMS 31504
requirement. Difficulties were encountered because of this rapld
change of viscoslty with temperature; a decrease in mobllity of
brakes and elevator boosters was noted on simzlated systems at low
temperatures (unpublished data compiled by the Aircraft Industries
Association of America, Inc.).

Other low-temperature characteristlcs that are llkely to limit
performance are the freezing point of -50° o -60° F and the solubility
of the various =zdditives (reference 16 and unpublished data). The
addition of enother liguild component to lower the freezing point was
suggested (reference 9); this addition might sdversely affect the
attack on packings end seals.

The effect of Hydrolubes on rubber packings has been studied
in a mumber of lsboratories (references 10, 16, and unpublished
data). Some variation in resulis is reported; in general, however,
1% is believed that unless water is lost or onerabing temperatures
are apprecilably over 160° ¥, the action of Hydrolubes on packings
is comparable to that of petroleum-base fluids.

The corrosive effect of Hydrolubes on metals encountered in the
hydreulic system has been investigated (references 9, 10, and 16).
Test procedure varied because no requirement 1s stated in specifi-
cation 51F22 (reference 5). Indlcations were, however, that magnesium
wes heavily attacked, caedmium plabe was slightly corroded, and copper
was tarnished.

vl
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The foaming cheracteristics of Hydrolube U and A bave not
presented a problem. Hydrolube A showed less tendency tc foam
than AN-VV-0-366b fluid (reference 10} and Hydrolube U-4 caused
no ali)precia'ble difficulty due to this characteristic (unpublished
data).

A property, not part of the foamlng characteristics, is the
tendency for Hydrolube U~4 to hold air in suspension- (unpublished
data). This characteristic causes more difficulty in bleeding the
hydraniic system then occurs with AN-VV-0-366b fluid.

The hard tacky residue from evaporation of Hydrolube A has
already been mentioned. Even Hydrolube U and U-4 are thought to
leave & less desirable type of residue (reference 16 and unpublished
data) than most petroleum-base fluids. The residue from Hydrolube U-4
has the consistency of petrolatum, the effect of which 1s unknown
(vnpublished deta). Better low-temperature properties, less
attack on magnesium, and improvement of weear characterlstice are
among the objectives sought in the contimred development of water-
base fluids.

Pump-System Tests

Hydrolubes U and A were pump-tested by the Naval Research
Laboratory using a Pegco 1P-349-N aviation gear pump in one hydraulic
system and a Vickers PF-2713-10 aviation pilston pump In another
(reference 9). Both systems were otherwlse similar and utilized
standard aircraft parts. The tests were run at pressuves of 1000
and 1500 pounds per square inch, at engine speeds of 1800 and
3600 ypm, and at temperatures of 1000, 1409, and 180° F. The pumps
were periodlocally stopped to permit disessembly and Iinspection of
the system. During the tests, samples of fluld were withdrawn fram
the reservolr in order to determine changes in viscosity, pH, color,
development of precipitetes, and other propertles.

In the system equipped with the Pesco gear pump, the water-base
finids produced greater wear of the gears than would occcur with the
petroleum-bage fluids. With higher temperatures; pressures, and
speed condltions, the wear increased but no pump fallures occurred.

With the Vickers pump, insufficlent lubrication was likewlse
shown. Breakdown occurred. because of ball-bearing fallure elther on
the drive shaft or in the smsll bearings supporting the cyllnder
block. Better performance was obtalmed by circulating additional
fluid through the ball bearings and by the addition of an antliwear
additive, diemylammonium leurate, which 1s now a constitvent of

Hydrolube U-4. :

RS
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Inferior wear characteristics for Eydrolubes U end U-4 have
also been reported by other laboratories (reference 16 apd unpublished
data). In an experiment on Hydrolube U-~4 presented in an unpublished
report, a Pesco gear pump at a pressure of 3000 pounds per square inch
and a temperature of 125° F was severely worn and decreassed consider-
&bly in volumetric efficiency after 200 hours.

Failure of a Vickers pump ball-bearing assembly ocourred in
other tests on Hydrolube U~4 (unpublished deta). In some of these
cases, the system was operated for longer periods, for example, 296 and
308 hours. Durlng the run operated for 296 hours, considerable fluid
wes lost by evaporation that resulted in a Z23-percent increasge in
kinematic viscoslty at -30° F efter 250 hours of operation. The
resldual fluld showed no apprecieble change in fire resistance. °

The Naval Research Laboratory, having cobteined somewhat encourasg-
Ing results from bench pump tests on Hydrolubes A and U, conbimumed
the test progrem to the next stage, & hydraunlic mock-up system includ-
ing a mumber of hydraulically operated alrcraft units. The tests,
conducted at the Naval Research Laboratory and the Naval Alr Material
Center, again offered sufficient promise so that flight tests were
made involving the two flnids. '

Hydrolube A was tested in a Navy fighter-class plene for a
period of 4 months. During this interval, approximetely 100 hours
of flight time accrued and the various units of the hydraunlic system
were frequently operated. At the conclusion of the test, the systen
still opereted sabisfectorily slithough on dissssembly same threaded
connections were found unduly tight.

Hydrolube U, having shown good results on most lsboratory tests
and low shear breakdown on the pump test, was deemed worthy of more
extensive flight testing. Accordingly, this fluild has been tested
Por a yeaxr in 10 Navy fighiter-class planes wlth low~pressure systems
of 1500 pounds per square inch. Unpublished information obtained
from the Bureau of Aeronsutics indlcated that planes with 300 £flight
hours have shown few leakage failures, although slight corrosion of
megnesium parts occurred. Furbthermore, Hydrolube U in selected
planes with high-pressure systems of 3000 pounds per sguare inch gave
satisfactory operation for at least 450 hours. The Vickers pumps,
however, had deteriorated mechanically although still in operation
(references 17 and 18).

According to unpubllished information obtained from the Navy,

Hydrolube U-4 wae being employed in certaln fighter planes as they
came off the produotion line. In addition, three experimental models

RTINS
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were equipped with Hydrolube U-4 and operation tlme far has

been satigfactory. One change in the usual system wes mede, that
of replacing the magnesium brake cylinders wilth aluminum brake
cylinders. Navy experlence indlcates that the 1life of & Vickers
pump, using Hydrolube U-4, 1s spproximately 500 hours. Also, the
life of high-pressure hydraulic systems in which Hydrolube U-4 is
employed is sbout 80 to 90 percent of that when the petroleum-base
fluid 1s used.

The Civil aeronautlcs Administration has mede flight tests with
Hydrolube U-4 in C-47 and C-54 airplanes (unpublished data). The
C-47 airplane has a low-pressure hydraulic system (less than
1000 1b/sq in.) and is reported to have operated satisfactorily for
approximately 200 hours over a periocd of & months. Similarly, the
C-54 airplane was operated for 200 hours during a period of 3 months.
Hydraulic maintenance difficulties, not considered attributeble to
Hydrolube U~4, were encountered. Inspectlons of the megnesium
brakes were made after 100 and 200 hours of operation. Nothing
unusual In appeerance wes noted at the first lnspection but after
200 hours, small white bubbles were noted near the surface of the
megnesium. No evidence of pitting was cbserved. Samples of fluid
were withdrawn after 66 and 114 hours of operation; no change in
water content was found on analysis. A recent article (reference 19)
indicates that the test on the C-54 airplane was stopped because of
corrosion of magnesium equipment in the system. The article states
that the test on the C-47 airplane was, at that time, stlll belng
conducted although 1t showed a similar tendency for attack on magne-
glunm parts.

Adventages and Dilsadvantagee

Eydraulic-fluid formulatiens based on ethylene glycol and
water, such as Hydrolube U-4, show greatly decreased inflammebility
providing water is not lost. Performance, noted by various operators,
suggests necessity for improvement of this type of fluid. At present,
there is an indicated need for discovering means to decrease the wear
in pumps, to lessen the attack on metals in the hydraulic system
(especially on those more chemically active, such as magnesium) , as
well as to improve the low-temperature properties of the fluid.
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SILICONE FLUIDS

. Inflemmabllity Teets

The 1iquid silicones of sultable viscosity and purity have
received considerable abtention as less-inflammeble hydraulic
fluids (references 7 to 9 and 20). In addition to high flash
points and aubogenocus-ignitlion temperatures, some liguld silicones
required from 55 to 85 percent of oxygen on the spray flemmability
test and appeared practically noninflammeble in an incendiary-
gunfire test. In general, the silicone polymers, particularly the
polymethyl and poly(methyl, phenyl)} siloxanes, were found to be
less inflammable then petroleum-base fluide but slightly more
inflammeble than water-base fluids or halogensted compounds (ref-
erences 15 and 21).

Chemical and Physical Tests

Extensive preliminsry investigatione of those physical and
chemical properties pertiment to hydraulic fiuids have been made by
the Naval Research Laboratory (references 20 and 21) for s mumber
of mamples of sillcone polymers submitted by various mamifacturers.

One of the most desirable properties of the ligquid silicones
is the relabively small chenge of viscosity with temperature. A4s
&8 result, & lesser value for A.S.T.M. slope is obtained for siliocones
than for usuel hydraulic fluids.

The behavior of silticones when stored in metal or glass con-
taliners at ordinary or low temperatures ls important becanse an
Increase in viscosity or formatlion of preclipltates wonld decrease
flow. Storage in tin or terne-plated cans or glass at 77° F in a
dark room had little effect on the viscosity of most samples; less
than s S-percent increase was observed (reference 21). Further-
more, only insignificant differences in effect were noted between
gsemples stored in cans and those 1n glass. Storage at temperatures
of -40°, -50°, -60°, -70°, and -80° F for 24-hour periods indicated
formation of crystals in most samples even at -40° F, although a
mumber hed pour polnts in the range of -50° to -80° F.

A suitable tempersture for an accelerated oxidation test was
found to be 392° F (reference 21); a higher temperature of 482° F
cauged rapid gelatlion of most samples. Silicones appeared relatively
stable toweyxds oxldation at temperatures to 302° F. The course of
the oxidation was followed by observing change in viscomity end by
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messuring the amounte of volatile aclds and aldehyde produced. Both
formic acld and formsldehyde were ldentified among these products.
Some oxldetion tests were run in the presence of metals likely to be
present in systems lubricated. The metals used were copper, lead,
aluminum, megnesium, and tin; the alloys used were bronze, cold-
rolled steel, stainless steel, monel, babbitt, and Dowmetel H.

Tin alone accelerated the oxldatlon, othere inhibited the reactlon;
babbitt was the most effective.

The corrosive effect of sllicone fluide on copper, lead, silver,
magnesium, tin, babbitt, bronze, Dowmetal H, duralumin 17S-T, and
cold-rolled steel was determined (reference 21) by a modification
of the Federal Specificatlion Bosrd Method 530-31. The metal strips,
after careful cleaning end polishing, were placed with the fluid
in a sealed tube., The tube and the contents were heated in a
thermostat-controlled bath at 212° P for a period of 24 hours.
Other tests were made at 150° F for 168 hours (sealed tube), at
302° F for 213 hours, and at 392° F for 250 hours (oxidation tests),
wlth extensive aseration in the last two Instences. Results of the
tegts indicated that at 212° F, 1little attack on the metals was to
be expected; at 302° F, only copper and ite alloys would tarnish;
at 392° F, copper, tin, lead, and their alloys were affected.
Corrosion of the tin and the lead was the most serious.

Because water is a known conbtaminator in hydraulic aystems,
inhibition of the attack on metals by water-containing silicone flulds
wag desired. By application of previous experience with petroleum
Jubricants at leasgt 10 sultable sllicone-soluble corrosion and rust-
ing inhibitors were cobtained (reference 21). These inhibitors had to
be soluble to at least ~40° F and be effective at percentages of less
than 1. The preferred group functioned at less than 0.5 percent.

Surface tensions and specific gravitles of the several samples
of silicone flulds were measured because of the intimate relation
between these properties and the btendency of the flulds to creep
over metal surfaces, to foam, and to emlsify with water (refer-
ence 21). The values determined for the surface tension were approxi-
metely 20 dynes per centimeter with two exceptions. These values
were low when compared with those for typlcal petroleum oils, which
were 28 to 32 dynes per centimeter. The specific gravitles of the
sllicone fluids were mainly in the range of 0.95 to 0.99,

According to reference 21, the solubllity of water in silicone
finids is in the order of 0.1 percent. DBecause a greater percentage
aof water might be expected in a hydraulic system, the question of
the formatlion and the degree of stebility of silicone emmlsions arose.
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The lubricity of an emmlslon is known to be less bthan a homogeneous
fluld because the lubricating fiim is discontimous. Emlsions were
prepared from submitted samples and from a semple subjected to
oxidation at 392° F. Their stabillty was determlined by noting the
percentage of water separation after definite intervals of time.
The effect of heat on the stability of certsin emlsions was deter-
mined by observaetbion of thelr behavior when prepared at 349, 77°,
140°, and 180° F. Emmlsions formed readily but in most instances
were oonsidered rather unstable and heat tended to render them less
stable. The oxidized £iuid formed a more stable emmlsion.

Representative silicone flulds were investlgated and were found
to have less tendency to foam than stendard petroleum~base hydraulilc
fluids. The need for an antifoam agent would therefore be unlikely
if silicone fluids were to be used as hydraulic flulds.

Pump-System Tests

Because scme of the chemical, physical, and 1nfleammability
investigations (reference 8) had indicated that several samples of
silicone flulds contained volatlle materlal of an inflammable nabture,
special samples, stripped of low-boiling-point consbituents and with
vigcositles of 25 to 30 centistokes at 210° F, were obtained for
sbtudy of their performance characteristics as hydraulic fluids (ref-
erence 20). The fluids were investigated in systems in which the
Pesco 1P-345-N gear pump and the Vickers model PF-2713-10 constant-
delivery alrcraft plston pump were used. These smatl-gize high-
pressure punps were consldered a very useful means of determining
the lubricatlon characteristics of the sllicone fluids because nesrly
every type of wear would be represented, particularly in the Vickers
pump .

The Pesco gear pump was equlpped wlth nitrided gears rumming in
high~lead bronze bushings. In table IV are presented the resulits of
several yuns conducted at the Naval Research Laborabtory on & dimethyl-
silicone-polymer fluld and an AN-VV-0-366b fluld using the system
equipped with the gear pump. These results show that

(1) The welght losses of the gears and the bronze bushings were
less with the silicone fluid then with the petroleum-bsse oil, A
deposit of silicone reslin on the bushings was belleved to be respon-
sible for the low wear, the resin acting as & protective coating.

2N
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(2) The change in viscosity using the silicone polymers was
mich less than when using the AN-VV~0-366b flnid. Little ghear
breakdown occurred wilth the silicones.

(3) Inspeotions of the system indicated that some gel had
collected on the filter. In run P-25, the presence of gel was very
pronounced. Serlous clogglng of the filter occurred after 500 hours
of operation at 140C F and a preassure of 1500 pounds per square:
inch; the Purolator- or the Sklnner-type filter without a bag was
used. By simple visual examination of a finid that was run for
100 houre, the gel was dlfficult to detect but conld be seen by
mloroscopic inspection.

When the Pesco gear pump was fitted with cast-lron bushlngs,
repeated fallures occurred even &t a pressure as low as 600 pounds
per sguare inch at & temperature of 180° F. Considerable gel had
formed and the fluid weas black because of suspended finely divided
iron. The cast-iron bushings were badly worn.

This contrast in wear characterlstios of steel-~to-bronze and
steel-to~cast-iron, when lubricated by silicone fluids, led to an
extenslve study of the behavior of these flulds with 156 combinations
of metals and alloys by means of a slider and a plate (reference 20).
Comparison was-also made of the lubrication characteristics of a
petroleum-base oil N.S. 1047 with these metal combinetions. At
leagt 81 'satisfactory bearing-metal combinations were found that
couldéd be lubricated by means of the silicone fluid.

On the tests with the Vickers plston pump, failure due to the
inadequate lubricetion of the ateel kmuckles in the universal jJoint
of the drive shaft ocourred on two runs. At a pressure of 1500 pounds
per square inch and at temperatures of 140° and 100° F, failure
occurred at 65 and 80 hours, reapectively. The fluld contained sus-
pended partlicles of iron. When bronze kmuckles were substituted for
the steel type, however, the pump performed satisfactorily for
650 hours 'at a pressure of 1500 pounds per square Inch and & temper-
ature of 180° F.

Studles on the behavior of dimethyl-silicone-polymer fluids
(references 22 and 23) and poly(methyl, phenyl) silicone polymer
(reference 23) in the lubrication of unilaterally loaded journal
bearings have been maede. The results show that lubrication of
common bearing metels, other than steel-to-steel or steel-to-cast-
iron, mey be successfully accomplished wlth these flulds. The
protective gilicone resin coating, formed by & slow break-in or
stabilization of the bearing in the fiuid for a long time at 300° F
or above, materially aids Iin the lubricatlion process.
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Two difficulties due to charscteristice of liquid silicones
were encountered in the pump systems (references 9 apd 20): +the
tendency of the flnid to leak at Joints in the connections and the
tendency to extract plasticizer from the packings, which caused the
O-rings to shrink, become brittle, and permit leasksge. Thege 4dif-
ficuities were overcome by using the silicone £fluld under test ag a
plasticizer 1n O-rings made of synthetlic rubber combalning graphite.
A special cement was obtained fram cammercisl sources and was used
as a pipe-thread sealling compound, thms meking the use of these
fluids feasible without undne leakage. '

Another gatisfactory comercial packing for silicones has been
developed, as noted in unpublished datae from the Gemeral Electric

Company.

Adventeges and Disedvantages

Polymethyl and poly(methyl, phenyl) siloxanes of sguitable
viscogity for use as less-inflammable hydraeullc flulds show less
change of vigcoslty wlth chenge in temperature than do obher ligulds
such as the petroleum~base flulds. The silicones are distinctly
less inflammsble, are not readlly oxidized, and are not partlcularly
corrosive. Several available inhibltors of corrosion have been
found. Little tendency to form permenent emulsions wlth water has
been exhibited by sillicones unless they are oxidized.

Disadvantages shown in aircraft hydraullc systems have resulted
from & lack of lubriclty of these silicones for some metel corbi-
natlions, notably steel-bto-steel or steel-to-cast-lron although meny
other palrs were found satisfactory. The silicones tended to leak
at the pipe Jolnts because of low surface tenslon of the fluid and
to extract the plasticilzer from O-rings. Means of overcoming these
difficultles have been reported by the Navel Research Laboratory
(references S and 20).

Helogenated esters such as phodgphates, dicarboxylates, or
carbonates added to ailicones might form suibtable solutions or even
copolymers, thus decreasing the inflammability. Certain halogenated
hydrocarbons when mixed with sllicones might form a useful less-
Infilammable £luid.

ESTER~BASE FLUIDS

Several ester types have been Investligated as posslible importent
base constituents for less-inflammsble hydraullc fiunidg. OFf chief
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interest were those members of each type that hed sufficiently high
boiling points to be less volatile than the hydrocarbon or other
oomponents of the petroleum-base hydranlic fluld meeting the
AN-YV-0-366b specificetlon. Ester types investigated were phoephates,
gzr:teg,)carbonates, and dicerboxylates (references 7, 11, 14, and

o 27).

- The open-cup fire point of the several classes of esters
investigated is shown in the following teble of compounds, each hav-
ing a viscosity of 4.0 centlstokes at lOOo F. The data presented
are taken from reference 16 from plots of viscosity as a function of
boiling point and as a function of fire point.

Egter type Boiling polnt at 760 mm | Open-cup fire polnt
(°F) (°F)
Naphthenic hydrocarbons 538 290
Alkyl carbonates 599 318
Alkyl borates 614 290 (decomposed)
Alkyl dicarboxylates 622 330
Alkyl phosphates 8386 420

Tms, the slkyl phosphates apparently offer the greatest promise
of the four ester types in respect to their degree of Inflammsbility
as determined by the open-oup flre-point method. Furthermore, refer-
ence 16 indicates that phosphates of the several classes of esters
have the highest fire polnt for a glven bolling point.

Phosphate Egters

A number of phosphate esters were investigated by the Air
Materiel Command (references 16 and 25) end included the following

types:

Tri-n-butyl phosphate Tri-n-octyl phosphate
Tri-n-amyl phosphate Tri-2-ethylhexyl phosphate
Tri-2-ethylbutyl phosphate Trimethoxyethyl phosphate
Tri-n-hexyl phosphate Tributoxyethyl phosphate

Data presented in reference 16 concerning the flash points of
thegse esters indicate most of the values to be twice as high as the
200° F minimm required of a petroleum-base fluid. Tri-2-ethylhexyl
phosphate and tributoxyethyl phosphate, bowever, possess the disad-
vantage of viscosities greater than 500 centistokes at -40°

(reference 16).
o ave
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The Naval Research Laboratory (reference 7) investigated the
characteristics of a group of phosphate esters, subjecting them to
the following Inflammebility tests: <flash and fire polnts,
autogenous~-ignltion temperature, and oxygen femand. The phoaphorns
esters Investigated hy this research group included:

Trimethyl phosphate Diphenyl mono(p~tert-butylphenyl) phosphate
Tributyl phosphate Di-(g-chlorophenyli monophenyl phosphate
Trioctyl phosphate Tebtrabutyl pyrophosphete
Tricresyl phosphate Hexamethyl tetraphosphate

Dioctylpbenyl phosphonate

Pure trimethyl and tricresyl phosphate and hexsmebhyl tetraphosphate
showed somewhat favorable Inflammabllity characteristics.

Chemical and physical tests. - Considerable testing at the
request of the Alr Materlel Command, particulerly of the tri-n-butyl
and tri-n-hexyl esters indlividually or sas components of less-
inflammable hydraunlic fluids, has been completed (references 16 and
25). In some cases, di-(2-ethylhexyl) sebacete was included in
blends as an antiteck component. Important results from compositions
in vhich these substances were employed wlll therefore recelve great-
est gttention in the subsequent discussion.

The solubllity of water in the esters or vice versa presented
difficulty particnlarly in the case of phosphates of low moleculer
weight. Trimethyl, triethyl, end trimethoxyethyl phosphates are
miscible or very scluble in water at room temperature. Prolonged
exposure to water may even lead t0 considerable hydrolysie of esters
of low molecular weight. Fram experimental determinatlons, water
was Pound to dissolve in & number of phosphete esters st 7515° F.
(reference 16) as folliows:

Phosphate Percent by welght of water dlssolved
Tri-n-butyl ' 6.5
T3 -n~amyl 4.0
Tri-n~hexyl 2.8
Tri-n-octyl 1.2
Trimethoxyethyl Soluble
Tributoxyethyl 6.9

In order to prevent the formation of ice at -40° F when tri-n-
butyl phosphate was to be & componment of the fluid, it was found
advisable to include another member of this class, for example,

30 percent by weight of trl-n-hexyl phosphate or a dlbaslc-ester
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type, such as 20 percent by weight of di-(2-ethylhexyl) sebacate. A
calculated amount of Acrylold 855 (ester polymer commonly used as a
viscosity-index improver) was then added. These components were
misclble with each other at ordinary and low temperatures.

Another property studied for sample fluilds was tackiness.
Resulis were observed for tests conducted according to the procedures
of specifications AN-VV-0-366b or 0.8. 2943 (superseded by S51-F-21).
This characterlstic was attelned 1n the desired amount when tri-n-
hexyl phosphate or di1-(2-ethylbexyl) sebacate esters were incorpEiated
in the fluids. Tri-n-butyl phoephate in 12 percent by weight of
Acrylold 855 did not pass the AN-VV-0-366b requlrements for this
property.

Flulds formmlated with the phosphate esters have shown consider-
able oxldation stebllity when subJected to procedures of the
AN-YV-0-366b or 0.,3. 2943 speclificetions. Additional stabllity has
been noted for one fluid after the addition of an amine type of
oxidation inhibitor (references 18 and 25). Even 0.2 percent by
weight of Methyl Hi (an oxidetion-corrosion inhibitor) in the blend
designated PRL 2476 (a hydraulic fluid composed of 12.2 percent by
welght of Acryloid 855, 17.6 percent by welght of di-(2-ethylhexyl)
gebacate, and 70.2 percent by weight of tri-n-butyl phosphate)
cauged some improvement in meutralizastion number and slso in the
emount of copper loat when this blend was subjected to the 0.8. 2943
oxidation and corrosion test.

Hytranlilc flulds formiated with high amounts of phosphate
esters tend to eswell the rubber packings used in the hydreulic
system. Resulits reported in reference 16 indicate that the alkyl
types of high molegular welght, such as tri-n-hexyl, tri-Z-~ethylhexyl,
end tri-n-octyl phosphates, caused less swelllng of a butadiene-
acrylonitrile rubber than dild the lower-moleculer~weight tri-n-butyl
phosphate, Sulfide rubbers are much less affected by swelling than
the butadiene-scrylonitrile rubber. Research is being conducted by
industrlial groups to find sulteble materials for packings and gaskets.

Pump-system tests. - Blend PRL 2476 (reference 25) was tested
primerily for wear by means of & hydraulic system that included a
Pesco 349 gear pump and a Vickers Model C~167-G relief valve. Runs
162 and 165 in table V were made eccording to the procedure in bthe
0.8. 2943 specification, which required a pump speed of 3800 rpm,

1363



NACA RM ES0F29 T

Inspection of the results, after considering that no
oxidetion inhibitor was present in PRL 2476, leads to the follow-~
Ing obsexrvatbions:

(1) The wear shown, utilizing the 0.S. 2943 or 0.S. 1113
(superseded by 51-F-23) procedure, wes grester then that for a
hydrocarbon~base fluid. The steel gears appeared to nndergo the
greatest logss. In run 163, conditions of pressure and temperature
were nmade more severe than required by the specifications and
resulted in excesslve wear in the steel geers and normel wesr for
the bronze type.

(2) Neutralizatlon mumbers were higher than normally encoun-~
tered with hydrocarbon-base fluids, a result attributed to the
absence of any oxidetion inhibitor. Results of run 183 wonld
indicate that at higher tempersbture and pressure greater oxldation
tock place.

Borate Esters

This class of compounds has been considered as a conshituent
of less~inflammable hydramlic flnilds (references 16 and 25). Two
alkyl types, tricapryl and tri-2-ethylhexyl borates, were prepared
from trimethyl borate by an slcoholysis reectlon and thelir proper-
ties significant to the problem were lnvestigated (reference 25).

Present research results Indicate that pertinent organic
borates decompose as thelr temperature is belng ralsed towards the
boiling point unless reduced pressure 1s meintalined. Thils behavior
1s believed to account For the fact that the fire point for alkyl
borates, glven in the first table of thils sectlon, was lower than
might otherwise be expected.

Base of hydrolysis of the borates may present & problem. The
two alkyl borates previously mentioned were at least SO-percent
hydrolyzed without a catelyst within 45 mimmbtes. The addition of
15 percent by weight of Acrylold 855 to these borabtes permitted
only slightly less hydrolysis of these esters. Borates prepared
by using neopentyl alcohol or 2,4-dimethyl~3-pentenocl, in which
branching occurs near the ester linkage, hydrolyzed quite slowly,
if at all; unfortunately, the meltlng polnts of these two esters
were found to be guite high (reference 25).

Totil organlic borates stable Lo heat and moisture and with suit-
gble physical properties can be produced, this type of ester can dbe
given only secondary consideration.

IR
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Carbonate Eaters

Research on several carbonic acld esters has been reported.
The Naval Research Laboratory (reference 7) has expressed an
interest in diethylene glycol bis(n-butyl carbonate) and diethylene
glycol bis(2-n-butoxyethyl carbonate). These two esters had an
exceptionally high oxygen demand of 85 percent although resulis of
flagh, fire, and sutogenous-ignition-temperature tests disagreed
with this value.

Other investigators (reference 16) have also shown consider-
able 1interest in thils type of compound as a bage stock for a less-
Inflammable hydraulic fluld. Properties of carbonate esters
Indicate different degrees of usefulness of the samples examined
for application in this particuler field. A conclse account of the
results reported in reference 16 willl be presented.

Egters of thls class were obtalned or made by utilizing the
followlng alcohols:

Alcohols in dlalkyl and dicycloalkyl types

BEthanol
n-Butanol
E;Pentanol
n-Hexanol
n-Octanol
Cyclopentancl

Alcohols in cyclic. carbonates

1,2-Propanediol
2,3-Butanediol
2,3-Pentanediol
2-Methyl-2,4~-pentanedicl

Mixed alcohols in dlcarbonates

n-Butanol, dlethylene glycol
n-Butoxyethanol, diethylene glycol
Phenol, dlethylene glycol

Several distinctive propertles of these compounds and experl-
mental) fluids should be emphesized. Cerbonate esters with a kine-~
matic viscoslty of 4 centistokes at 100° F were shown to have higher
bolling points and higher fire points than petroleum fractions of
the same viscosity (reference 16).

S
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Ancther quality in which carbonates ghow superiority along
wlth the trialkyl phosphate type 1s in the viscosity-temperature
relstion. Only the dialkyl and monocyclic carbonates of low
molecular weight show less-satlisfactory values of A.S.T.M. slope
for the range of 210° to -40° F than does a petroleum fraction
found. in a petroleum-base hydraulic fiuid.

An undesireble property found for most carbonate esbters, with
the excepbtion of the dicarbonate type, was the exbtent of hydrolysis.
For the dicarbonate type, the amount of hydrolysis cbserved was
less than 0.5 percent by weight at the end of 48 houre. The range
for the dialkyl and cycllc carbonates was 21 to 83 percent. This
tendency of carbonabte esters to hydrolyze while 1n service might
change viscogity, volatility, freezing point, oxidation rste, and
other cheracteristics of the fluia.

Another property of the carbonates investlgated was the effect
on butadiene-acrylonitrile rubbers A and C. Di-n-amyl and dl-n-octyl
carbonates, butoxyethyl diglycol carbonate, and n-butylene-z2- -
carbonate caused greater rubber swelling than the 6 percent permitted
by the AN-VV-0-366b speclficabtlon; the di-n-octyl derivative showed
the most promise (reference 16). Tue opinion has been expressed that
the dlalkyl~type carbonates of higher molecular welght might give the

. lesst rubber swelling although greater Inflammsbilibty would resulb.

A sultsble polymer that would improve the viscosity propertles
of possible blends contalning carbonate esters is needed. AL least
two carbongete esters, the di-n-~hexyl and the dl-n-octyl carbonates,
have viscosities that suggest thelr possible use In leassg-inflammable
hydraulic fluids. Acryloid 858 was found to be only partly sabis-
factory as the polymer in blends that conbained either of these
esters. At -25° F, the fluld containing di-n-hexyl carbonate gave
a cloudy solution and the one containing di-n-octyl carbonate froze.

Dicarboxylate Esters

The investigation of the suitebllity of this class of compound,
particularly the aliphatic types, as components of less-inflammable
hydraulic fluids is reported in references 7, 16, 24, 26, and 27.
This particular type of ester has received. some atbention not only
es a secondary but also as a principal constituent.

Inflammability tests. - At present, data on inflammability for

a7

numerous exemples of this type of ester (references 24 and 26) indicate
that a number of adipates, glutarates, azelates, and sebacates that are

it g
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esterlified with branched-chain alcchols show higher values than

0.S. 2943 hydreulic flulds for flash and fire polnts and auntogencus-
ignition temperatures. In contrast, the values found for these
diesters when tested for 1nflammability by the oxygen~demand method
offered only elight improvement over petroleums+base hydraulic flulds,
such as AN-VV-0-366b or 0.S. 2943 types (reference 7).

Flre-polnt datae reported in reference 16 were similar to data
of ‘the Naval Research Laboratory (reference 26) for correspounding
esters tested, for example, dl-(2-ethylhexyl) adipate and di=
(Z-ethylhexyls sebacate. Some improvement of the inflammability
characteristics of & hydraunlic fluld appears possible through the
use of such dicarboxylic esters.

Chemlcal and physical tests. - Many of these diesters actually
show e much better viscosity-temperature relatlon than do the
petroleum fractions utilized in petroleum~base hydraulic fluids
(references 24 and 26), This characteristic is insufficiently pro-
nounced to eliminate the use of a sultable polymer in hydraulic-
fluid formulations. Some dicarboxylic esters with viscositileg of 3 to
13 centistokes at 100° F and an A.S.T.M. slope of 0.7 to 0.8 might
prove sulteble for use (reference 24).

The hydrolytlc stability of the dicarboxylic acids esterified
with branched-chain alcohols was determined (reference 26). Such
esbers appeared quite stable when a 10-gram semple was bolled with
50 milliliters of water for 24 hours.

The oxidation characteristics of a number of dicarboxylic acids
egterified with branched-chain alcoholg were determined (references 24
and 27). TIn both investigations, inhibltors were found necessary
Yo reduce the oxidation to acceptable smounta.

The extent of rubber swelling caused by the dicarboxylic acid
esters is reported in reference 24. The butadlene-acrylonitrile
mbber ¢ was employed with dlesters having molecular weights of
230 to 426, Higher swelling values for this rubber were observed
with these dicarboxylic acld esters than were noted with the
AN-VV-0-366b specification fluid. ' .

Attention shonld be drawn to the fact that two investigators
(references 24 and 27) bhave suggested this type of ester as a
possible main constituent of a less~-inflemmable fluid. The exemples
mentioned in reference 27 are dl-{3-methylbutyl) adipate and azelate;
the example mentioned in reference 24 1s di-(2-ethylhexyl) sebacate.

A
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Advantages and Disadvantages

Of the four types of ester discussed, the phosphates seem to,
posgess g lesser degree of inflamma.'bility then do the d.ica.r'boxyla.tes 2
borates, and ordinary carbonates investigated thus far.

Results of consideréable research indicate that formmlations
having adequate viscosity properties, partioularly at low tempera-
tures, are more readily obtained from phosphate esters (for example,
'bri-n-'bu'byl tri-n-hexyl, tri-Z-ethylhexyl, and 'bri-n—oc'byl phos -
phates) then from the other types of ester.

The usual phosphate esters do nob appear to be as subject to
hydrolysls as the obther ester types, especilally borates and carbonstes.
Inatabllity at elevated temperatures has been shown by the borates
even wlthout any added molisture being present.

Pump-system tests with a Pesco 349 gear pump on & phosphate_
blend showed wear end the need for an oxldabtion inhibltor for this
type of less-Inflammsble fluid. Ester fiulds must be properly
inhibited ageinst corrosion as well as oxidation. Abtack on rubber
peckings by phosphates, carbonates, and dlcarboxylates is gresater
than for a standard petroleum-base hydraulic fluid.

As a possible means of decreasing the inflammability of the
geveral clagses of esters, the formabion of helogenated derivatives
1s reportedly in process and may be ultimately successful. The use
of a less-inflemmable diluent with suitably halogenated esters and
their derivatives represents still ancther possibility. Finelly, a
legs-inflemmable viscoslty-index improver might be found that would
aid in the achlevement of decreassed Inflammability for the ester-~
type hydranlic flulds.

HAT.OGENATED -BASE FLUIDS

The campounds chiefly consldered are those expected to perform
a snuffer function. A snuffer constituent is a noninflammable
substance with a scmewhat higher vapor pressure than the obher com-
ponents of the hydrauniic fluid; when the fluld 1s exposed to an
ignition source, same of the snuffer 1s vaporized and then blankets
the remainder, thus excluding ailr and preventing combustion (refer-
ence 28). Actually, the water of the water-base fluids probably
functlions in part as a snuffer constlbuent.
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Chloro, fluoro, and chlorofluoro organic substences have
recelved the greaitest atbention as halogenated smuffer constituents
(references 28 and 29). Few such campounde known to possess the
required properties for use as lems-inflammable hydranlic-flunld
components are as yet avallable on a commercilsasl basls. As & result,
a conslderable amount of research is being done to find the most
Favorable classes and structures among halogenated compounds for
thisg purpose. Thls research may eventually lead to discovery of
suitable components for an acceptable noninflammable fluid.

The interest of various laboratories in completely halogeneted
compounds as a meens of attainling noninflammable rather than less~
inflammable hydraulic fluids is of special note. A recent report
(reference 11) offers suggestions in regard to theoretical properties
and practical possibilities in this field. An Interesting discuseion
of pertinent propertles of some fluorinated compounds 1s presented.
In order to improve viscoslty characteristics of a fully fluorinated
compound, the suggestion is made that each molecule have trifluoro-
methyl side chains:. Compounds suggested for consideratlon are polymers
of perflucropropylene or perfluorobutylene, substances such as
perfluorobutylene ether and thiocether, and perfluorinated dibutyl-
methylamine and dilsurylmethylemine.

According to unpublished Information and references 11, 27,
and 29, members of the following genersl types of halogenated sub-
gtance have been or are belng consldered for thelr sultabllity as
snuffer components: .

Perchloro types

Stralght-chain saturated allphatics
Straight-chein olefines
Straight-chain diolefins

Pexrfluoro types

Straight-chain saturated aliphatics
Polymers of olefins

Alkyl cyclohexanes

Alkyl naphthalanes

Fuged~ring arcmatlics

Fuged-ring alicyclic compounds
Kerosene :

SAE 10 oil
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Chlorofluoro types

Straight-chain saturated aliphatics
Stralght-chain olefins

Polymers of straight-chain olefins
Chloro-(perfluorocelkyl) benzenes
Chlorofluorocalkyl benzenes
Chloro-{chlorofluorcalkyl) benzenes
Chlorofluorc=(perfluorcalkyl) benzenes
Chlorofluoroalkyl phenyl ether
Chlorofluorocyclohexenes
Chlorofluorocyclohexyls, di and tricyolohexyls

Partly fluorlinated types

Mono-(fluorocalkyl) glycol ether

Di~-(fluoroalkyl) glycol ether

(Perfluoroalkyl) benzenes

(Perfluoroalkyl) phenyl alkanol

Alkyl -(perfluoroaikyl) phenyl ether
Perfluoroalkyl-(perfluoroalkyl) phenyl ether
(Perfluoroalkyl) benzoate

Diegbter of perfluorocaliphatic dlcarboxylic soids

Miscellaneous types

Dicarboxy derlvatlive of polychlorinated bhicyclohydrocarbons
Partly fluorinated alkyl or alkylaryl phosphate

Tetra (fluorocalkyl) silicate

Fluorinated alkyl silicones

Chlorofinoro triazine

Bromo~-(perfluoro) benzene

Bromochloro-(perfluoro) benzene

Some of these members of the numerous types of halogenated
organic chemical, chilefly the polymers and the perfluoro compounds,
may possibly find applicablon as constituents of & noninflammeble
hydrauiic £luid.

Requirements of Halogenated Sonffers
A satisfectory smuffer should possess the fallowing properties:

(1) Adequate solubility in mineral oil or other selected base
stock over range of temperabure to which 1t may be exposed
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(2) Boiling point high enough (above approximately 400° F) to
prevent serlous evaporation losses but low enough to allow
snuffer action

(3) Resistance to hydrolyeils and oxidation and the resulting
Tormatlion of scldlic materisls that mey corrode metals

(4) Ability to lubricate and not ceuse undue wear of pumps

(5) Should not cause excesslve swelling or shrinkage of
hydreulic-system packings

(6) Snuffer and 1ts thermsl-decomposition products should not
be too toxic

Based on resulte of investligations thus far, a nmumber of chloro
and chlorofluoro compounds have shown more promise 1in the fulfill-
ment of most of these requirements than the known types of fluoril-
nated substance, particularly the fluorocarbons. For example, the
fluorocarbons generally show lnadequabte solubllity in the hydro-
carbons found in mineral-oil fractlons that are used in petroleum~
basge hydraulic fluids; research of a fundementsl nature on solubil-
ities of fluorocarbons is being conducted and has been reported in
references 30 and 31. Furthermore, fluorocarbons exhlibit great
changes In viscoslty with-change in temperature (references 29 and
32), a difficulty that possibly mey be overcome by selection of
compounds of a suilbable type. At present, the cost of cammercially
available chlorofluoro and fluoro compounds 1s very high.

Formulations of Smuffer-Contalning Flulds

lLegg-inflammable hydraulic flulds formulated with smiffer con-
stituents have been investigated by various organizations (refer-
ences 28 and 29). A large number of the halogenated compounds
conaidered in one of these lnvestigations hes been supplied through
the Purdue Research Foundation (reference 33). The research
authorized by the milltery services on the utilization of compounds
as spuffers has been performed in the Petroleum Reflning Laboratory
at the Pennsylvanla State College and in the experimental lsb-
oratories of the Alr Materiel Command at Wright-Patterson Alr Force
Bage, hereinafter denoted es PRL and AMC, respectively.

Preliminary testing. - The nature of the smuffer-contalning
fluide developed at FPRL was governed by the inflarmabllity limlts
get up by the SAE AMS 3150A specificetion and performance reguire-
ments of the AN-0-366 specification. The snuffers selected for the
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fluids were: hexachlorobutedlene, chlorobis(trifluoromethyl)
benzene, dichlorobis(trifluoromethyl) benzene, and Fluoroclube

Fore Shot. Only hexachlorcobutadiene was comparatively reasoneble
in price and sufficlently available for thorough examinstion, which
included a Pesco gear-pump test of one formuletion that contained
this materigl.

The one obJectionable property of hexachlorcbutediene is ite
freezing point of =7° F (-22° C). Early inflarmability tests indi-
cated that a minimm of 50 percent by welght of this smuffer was
required for desirsble results. Formulations containing at least
this emount of the chlorlnated compound were Investigated. Desplie
the hlgh freezing polnt of this snuffer, some finlds exhibited
reagonable performence on the low-btemperabure stebllity test. This
behavior is explalned as being due to a super-cooled~liguld effect
of hexachlorobutadiene.

The selection of these compoiinds was based on boiling polnts,
golubilitles In probable constituents of the finished fluld, rvbber-
swelling characteristics, foeming tendencles, known toxlcitles, and
wear properties as determined by means of the Shell Four-Ball Wear
Tester (reference 29). Composition and properties of some of the
¢ormilations examined by PRL are glven in table VI.

During the investigation conducted by AMC (reference 28), six
less=inflammable snuffer-conbalining hydraulic fluids were formmlated
and tested. Each fiuid contains Fluorolube Fore Shot (light ends
of polymerized triflucrovinyl chloride) in an appreciable amount as
well ss en sdditional smuffer component that is as yet comercislly
unavailable; these formmlations are at present gulte expensive. The
compositions are presented in table VIT.

The development of these slx formulatlions was preceded by en
investigation of a number of halogenated compounds consldered as
possible components of less-inflammsble hydraullc fluids. Table VIII
shows the properties of a number of snuffer-type halogenated com-
pounds. Additional compounds of thisz type that were considered
(reference 28) are: (l-diflucro-2-difluoroethyl) ethylene glycol,
di-(1-difluoro-2-diflucroethyl) ethylene glycol, Fluorclube (polymerized
trifiuorovinyl chloride), Fluorolube Fore Shot, trifluoromethyl
benzene, perflucro-m-dimethyleyclohexsne, perfluoroheptane, fluori-
nated SAE 10 oll, and two polymers of triflucrochloroethylene. Only
‘the Fluorolube Fore Shot, previously mentioned, was selected from the
lagt group.
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A number of tests to select the most sultable compounds to
be used as smnffers in the less~inflammsble hydraulic fluide were
reported I1n addition to the information presented in table VIII.
A brief résum€ of the more Important results of the preliminary
examination follows:

(1) The extent of hydrolysils of possible snuffers did not
geem very serious. The 3,3-diflucrotetrachloropropene and the
chloro=l~ (trifluoromethyls -4-(chlorotetrafiuoroethyl Ybenzene
appeared slightly unstable; in both cases, the active halogen may
have been due to an 1mpurity.

(2) Swelling of standard rubber packings F, H, and K by a
numbex of the chlorofluoro compounde Investigated so far was greater
than thet caused by elther the high~ or low-reference fluids. Fluo=
rolube Fore Shot and perfiuorcmethylnephthalene caused a smaller
amount of swelling of the packings.

This rubber-swelling characteristlic of halogenated snuffer
compounds presents a problem that meny investlgators bellieve may
require the use of speclal packings in the hydraullc systen,

(3) 8olubility of the fluorochlorc types of organic compound *
in the Acryloid viecoality-index Improvers, such as HF-855 and
gome common solvenbts including specification AN-0-366 hydraulic
filnid, was mich better than for the fluorocarbons.

(4) Flash points, fire polnte, and viscositles of favor-
able components and mixtures of these components were debtermined.

The results of these tests led to a selection of Fluorolube
Fore Shot, tetrachlorotetrafluocropropene, chlorobis(trifluoro-
methyl)benzene, dichloro-{triflucromethyl)benzene, dichlorcbis
(trifinoromethyl)benzene, 3,3-diflucrotetrachloropropene, and
chloro-1-(trifluoromethyl) -4-(chlorotetrafluorcethyl)benzene as
snuffers for the six lesg~inflammable formlations.

Tnflammability tests. - In the PRL investigation (reference 29),
inflammability tests were limited to hexachlorobutadiene-containing
smuffer~type fluids because of insufficient supplies of other
snuffers inveatigated. The results of these inflemmebllity tests
on several formilstions are presented in table IX. Both LO 2738
and 1.0 2739 appear %o be essentially no more inflammable than HS-1
(the fluld designed to function as a standard for such tests) and
mach less inflammeble than the petroleum-base fluld AN~VV-0-366b.
None of the test samples, of course, showed the reduced Inflamma-
bility of hexachlorcbutadiene.

CORERIE.
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The compositions of the six less-=inflammable formulations
tested by AMC (reference 28) are presented in teble VII. Bach
fluid conbains approximately 51 percent by welght of the petroleum~
base stock made np of 80 percent by volume of XCT White 01l and
20 percent by volume of Voltesso 36. Acryloid HF-855 1s the
viscosity-index Improver and Paranox 441 is the oxidation~corrosion
inhibitor. The last Plend combained slightly more than half the
amount of Fluorolube Fore Shot present in the others. The remainder
of each blend is made up of one of the other snuffers selected.

Inflammability tests of these Dlends, In accordance with the
SAE AMS 3150A specification (table X), indicated a high degree of
fire resistance. The only evlidence of any tendency to burn was
observed in the high-temperabture ignition test. Such results were
comparable to those obtained by PRL (reference 29).

Chemical and physical tests. - The camposition, the viscosity,
and the pour points of a number of experimental less-Inflammeble
fluids containing a common viscosity=index improver, the light
hydrocarbon fractions of petroleum~base finlds and one or more
of the four smuffers chosen for the Investigation are given in
table VI. Although formulatlons conbaining Fluoroclube Fore Shot
recelved considerable atbtention, other blends showed betier charac-
teristics. Blends PRL 2743, 2744, 2745, and 2746, of which Fluoro-
lube Fore Shot was a constlituent, exhibited unsatlisfactory low-
temperature properties that would exclude theilr selection by the
United States Alr Force. Disregarding the cost factor, even comer-
clal air-transport ocompanies might be reluctant to use the two _
better formulations containing Fluorolube Fore Shot, PRL 2744 and
PRL 2745, because of thelr tendency to cloud near -40° F.

Semple PRL 2738, one of the four blends conbaining only hexa-
chlorobutadiene as the souffer, showed desirable characteristics.
The formilations PRL 2737 and PRL 2810 that contain the seme snuffer
in larger smounts are distinctly less inflammable and would be more

expensive.

Blend PRL 2739 actuslly employed a smaller percentage by welght
of hexachlorcbutadiene than the other blends of this group. The
more viscous of the two white olls, Voltesso 36, was replaced entirely
by 2-ethylhexyl sebecate, which, because of its high boiling point
and oxygen conbtent, exhibits a slight deorease in infiammablility.
This substitution caused an increased viscosity for blend PRL 2739
at low temperatures; the value found was 971 centblistokes at -40° F.

oIS
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Although this result is too high for requirements of the AN-0-366
specificatlon, it 1s well within the limit for the SAE AMS 3150A
type of lese~inflammeble hydraulic fluid, which 1s 2000 centistockes
meximm st -40° F. Blends PRL 2738 and PRL 2739 were therefore
thought suiteble types for further evaluation (reference 29).

In the exemination of lesg-inflammsble hydraulic flulds (ref-
erence 29), PRL conducted 1nvestigations that sought to establish
the most applicable unit for the viscosity of the fluld for hydrau-
lic systems of airplanes. In accordance with several specifica-
tions, viscosltles generally have been expressed in kinematic ter-
minology. Results of the research by PRL have established the fact
thaet the viscosity, perticularly for a number of low-temperature
applicatlons of petroleuwm-base or halogenated hydraulic fiulds in
alrcraft, should be expressed in absolute terms, that ls, as centl-
polse unita.

Oxldation and corrosion tests on the selected blends with
sultable inhibitors were run in accordance with the procedure and
the technigue stated ln specification AN-VV-0-366c, which was super=
gseded by AN-0-366 (table XIV of reference 29). This method required
the use of 100 milliliters of test fluld, which was heated for
168 hours at 250°+2° F, The catalyst cambination consisting of
2 squere inches each of copper, sbteel, aluminum, magnesium, and
cadmium~plated steel was placed in the tube with the fiuid. Ailr
wag pagsed through at 10kl liters per hour and each large tube
wag fitted wlth a2 condenser to prevent loss of fluld.

The resulbs of this test on blends PRL 2738 and PRL 2739 when
known oxidation and corroslion inhibibtors were employed are shown
in table IT. Also included are data for hexachlorcbutadlene,
Fluorclube Fore Shot, and monochloroxylene hexafluoride (mono-
ochlorobis(trifluoromethyl)benzene). The AN-0-366 requirments for
this test are also given in teble XI (according to this specifica-
tion, air is passed through the fluld at only 5 liters/h:r').

Inspection of the data from the tests' on these compounds and
blends Indlocated:

(1) Oxidation of hexachlorobubedlene was negligible but there
wag considersble corroslion of magnesium and alumirmum and slight
corrosion of copper.
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(2) Fluorolube Fore Shot appeared very stable to oxidation and
caused 1little corrosion.

(3) Monochloroxylene hexafluoride indlicated too high a

volatility.

(4) Common commercisl oxidatlon snd corrosion inhlbitors
employed did not adequately regulate these properties for blends
PRL 2738 and PRL 2739 (note table XI, columms 4 to 17)}. Copper and
magnesium corrosion appeared particulariy difficult to conbrol and
neutralizagtion-number increase and ¢olor change seemed wnusually
hard to reduce to reasonable values.

(5) The most favorsble combination of inhibitors for PRL 2738
against corrosion appeared to be Parsnox 441, Paranox 512, and
Dupont metal deactlvator. Tetrabubyl tin added to this combination
reduced both the neubtralization number and color change, as shown
by colum 28. Further research on this phase of the program will be
done. : .

Bench tests made on the six formmlations (teble VII) investi-
gated by AMC (reference 28) indicated that the chief defect of these
formulations wes the amount of rubber swelling observed (table XIT).
This charecteristic was not debtermined for four of the fluids.

Pump-gystem tests. =~ The hydraulic=fluld specificationsa
described in reference 6 required pump and shear-stability performance
of the less-inflammable hydraulic fluld to be comparsble with or
superior to an AN=VV-0~366 specification hydranlic fluild. As a
result, tests were conducted by FRL (reference 29) on a snuffer-
containing fluid with & Pesco 349 gear pump, loaded by means of a
Vickers model 167G rellef velve. The tests were conducted under
mild and severe conditions aoccording to the following requirements:

Punp~test conditlions

Mild| Severe

Pressure, (1b/sg in.)| 1000| 2500

Speed, (rpm) 1800| 3600
Temperature, (°F) 100 200
Time, (hr) 100 100

SOOI
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The tested fluid, PRL 2785, had the following composition:

Component Percent by welght
Acrylold 855 5.3
ZCT White 0il 4,2
Voltesso 386 43,1
Bexachlorobutadlene 46.8
Paranox 441 o4
Parasnox 512 07
Dupont metel deaotivator 05

The results of pump tests on this blend and specification
AN-VV¥=0-366b types, with and without l-percent triocresyl phos-
phate, are given in table XITT. Gear-wear velues for PRL 2785
were less than for the specification AW-VV-0-366b fluid and
s8lightly higher than those for a simitay f£fiuld containing the
tricresyl vhosphate. o

According to reference 29, PRL 2785 would show difficulty in
meeting the oxidatlon requirement of epecification AN-0-365 in
reapect to change of nenbrslizatlon number and color. A further
difficulty might occur at low temperatures 1f the hexachloro-
butadiene crystallized.

No pump tests were possible at this time on blends contain- )
ing monochlorobie (trifluoromethyl)benzene and dichlorobis(tri-
fluoromethyl)benzene. The guantities of these substances on hand
or cbtainable were insufficlent for the productlon of the
required blends. A8 & result, further research on smuffer-type
fluids may be expected (reference 23).

Pump btests of the six less-inflammable fluids (teble VIT)
have been delayed bBecause of the limited guantlitles of enuffers
avallable, ILubricatlon in comnection with steel~to-~gteel and
steel~to=bronze 1s a matter of conslderable Interest. Little
difficulty due to mhear breakdown of the fluids ls expected wilith
these tests because of the amcunt of pebtroleum~base oil and the
nature of the viscosity-index improver present in each fluid.
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Adventages and Dlsadvantages

The use of halogenated compounds, chloro or chlorofluoro in
nature, as snuffer constituents of less-~inflammable hyiraullc-finld
formilations has been shown both possible and useful. Perfiuoro
campounds tested thms far have displayed inadequate solubllity with
other probable constltuents of less-~inflammeble fluide. Perfluoro
compounds are also being considered for use in noninflemmable
bydraulic flulids.

Halogenated compounds that have been shown useful thus far as
smuffer constltuents are: hexachlorobubadiene, chlorcbis(trifiunoro-
methyl)benzene, dichloro(triflucromethyl)benzene, dichlorobis(tri-
fluoromethyl)benzene, chloro=l-{(triflucromethyl)-4-(chlorotetra-
fluoroethyl)benzene, Fluorolube Fore Shot, tetrachlorotetrafluoro=-
propane, and 3,3=difluorotetrachloropropene. At least SO percent by
welght of the snuffer component or components were deemed necessary
in the fiulds. Favorable resulits have been obtained from chemieal
and physilcal tests on formulatlons containing one or more of these
snuffers.

Principal obstacles encountered by PRL in tests on formulaticas
were the low-temperature properties of some test flulds and the con=
trol of oxidation and corrosion atback of the two most satisfactory
blends. Rubber-swelling tendencles of some packings merlt consider-
atlon, as shown by AMC data.

In addition to further investigation of halogenated snuffers,
the development of flre-reslstent viscosity-index Improvers would be
of conslderable service in producing & desirsble hydraulic fluild.

PROPRIETARY AND OTHER IESS-INFLAMMABIE HYDRAULIC FLUIDS

Scveral less-inflarmable flulds are now in comercisl produc-
tion. These fluids contaln agueous solutlions of ethylene glycol
plus suitable edditives, phosphate esters, or chloro or chlorofluocro
snuffer compounds. Tn addition to Hydrolube U-4, two other commer-
cially available flulds are belng Flight-tested (reference 19). The
characteristic properties of these two fluids, RPM Nonflammable
Hydraulle Fluid and Skydrol, were presented at a recent annusl meet-

ing of the Society of Automctive Englineers in Detrolt (references 34
and 35).
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In order to encourage and ‘to accelerate the development of
less=inflammable hydraulic flulds, the Alrcraft Industries Assocla«
tion 1s sponsoring the evaluation of hydraulic fluids at the Cor=
nell Aeronautical Laboratory (reference 36). The fluid, which is
subnitted by the menufacturer, is evaluated In accordance with the
SAE AMS 3150A speclfication. A report of the results willl be sent
to the menufacturer and satiefactory flulds will be approved by
the Alvcraft Industrlies Assoclation and the Air Transport Associa-
tion.

Some fluids have not been discussed, for example, phoaphate=
ester Fluld N (reference 11) and water-base fluids, Hydrolube H-l,
Hydrolube H-2, and Fluid 909, The primary objeot of the report was
not to describe all the formulations that have been developed bub
to discuss the primary classes of material under investigation. A
brief tabular sumery of typicel components, relative inflamma-
bility, and other Importeant properties for the f£ive main classes
of less-inflammable flnids as compared with the AN-0-366 specifi-
cation is provided in table XIV.

For completely satlsfactory service in all current airoraft;,
gome modlflcatlon of either the present fluids or of present pack-
Ings or metal parts of hydraulic systems ls spparently necesgaxry.

SUMMARY

The ocurrent status of the development of less~inflammable
hydraunlic flulde for aircraft may be summarized as follows:

l. Fram an investigation of glyccle and derivatives, least
Inflammebility was shown by certaln glycols of low molecular weight
and by polymeric giycols and thelr ethers or esters. Chaln branch-
ing of the lesp-Inflammable polymeric glycole would give needed
Improvement in pour point bulb not in viscoeity index. Pramising
formilations have been prepared uelng polymeric glycol ethers plus
lesg=Inflamuable thinners or oconstituents such as dilcarboxylates or
phosphate esters.

2. Weater~base hydraulic flulds containing ethylene glycol and
various additives have had considerable study and tesating. Betbier
low-temperature characteristics, less wear in pumps, and decreased
attack on actlive metals are among the obJectives in the contlimued
development of this type of fluid, ’

RIS
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5. Silicones of proper viscosity have shown many quelitbies
thet would recommend their use for less-inflammeble hydraulic
fluids but diffloulties, only partly resolved, have been met 3in
sliding-friction wear for steel-~to-steel and steel~to~cast~iron
surfaces, shrinking and hardening of O-ring rubber packings, and
maintenasnce of tight commections in hydranlic lines,

4. Esters, including phosphstes, dlcarboxylates, borates,
and carbonates have been considered as base materials. Many of
the esters, especlally borates and carbonates, were considered
undesirable because they reasdily hydrolyze. Marked Ilmprovement
over petroleum~base flulds in inflammability teets has been shown
by some phosphate esters; however, they caused undue swelling of
rubber packings used 1n present sircraft hydraulic systems.

5. Hsalogenated orgenic compounds, particularly chloro and
chloroflucro compounds, have shown promise as souffer constit-
uents of lesg~inflammsble hydraulic flulds but also have a pro-
nounced effect on present rubber packings. Fluorocarbons hsve
received some attentlon as posslible base materials but many Invese
tigated thus far are 1iquid over too small a temperature range or
are Insufficiently soluble with other probable constituents of
hydraulic fluilds. 3Brenching of the molecular structure in certain
fluorccarbons has been recently suggested as a possible means to
alleviate these difficulties and Improve viscoslty characteristics.,

Several lesgs~infilammable hydrasulic fluids are now in commer-
clal productlion that use the more favorsble types of materisl
named., such as agueocus solutlons of ethylene glycol plus suitable
additives, phosphate esters, and chloro or chlorofiucrc smauffer
canpounds. The Interest of camerclal airlines and the armed serv-
ices has hastened the testing of the announced manufactured fluids.
Hydrolube U~4, Skydrol, and RPM Nonflammsble Hydraulic Fluld have
been or are belng flight-tested. For completely satisfactory serv-
ice, some modification of the fluids or of parts of the present
hydraullc system stlll appears necessary.

Lewls Flight Propulsion Ieboratory,
National Advisory Commlttee for Aeronautics,
Cleveland, Ohlo.
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TABLE I ~ CONPARISON OF AYDRAULIC-FLUID SPECIFICATIONS

SHEG

AN-0-386
(mg:_rnd.u
A¥-VV-0-566)

BAE AMS 3150A

Proposad millitery
spacification
(Desc. 12, 1949}

Effeat on present packings

Glnr{ntibiut'r with AN-0-368
uid

Toxlelty

Viscosity at OF
~55 (wax.)
=40 ({maz,)

130 {min.)
Pour point (mex.), °F
Low-tsmperaturs atl.bi‘.l.ity

Spocifia gravity at 80° F/80°F

Corronion

Oxidatlion (of fluld during
sorrosion test)

Hydrolytio atability

Bvaporation and tackinesa

Swelling of rubber L
within limita estab~
lished by high-snd

low-raferance fluids

Ko delatarious effect

L:umpatiblu with 5
perosnt

Fcnto:im

500 sentistokes
10 centiztokes
-75

Uniform liquid at
-85¢ F for 72 hrs

Base stook deter—
alned not sontrollad

Nax. wai ahange
after lﬂghgra at

ﬁ“ P E;:r steel, Al
oy allay, Cd-
platad stesl, 0.2 mg/
mq om} for Ou, 0.6
g/8q o

lax. viscosity obanga
at 150° P, 5 to 20

R tion=number i
cresss, 0.2

3000 centistokea
47000 oentistokes

No delsterious effect®

Conpatible with 10
porgont from 180° to
-55°

Raquira po apooia.i'
hmd].:lnaB

2500 centipolass

%0 contipoinan

Uniform ﬁguid at

-50% to ° F for
188 hra

1.1
Max. wol ochango

after 158 hra at

1802 P for stesl, Al

Illloy, Ex alloy, Cd-

iplated ntesl, 0.2 mg/

sq omj for Ou, 0.6
g ox

Hax. vissoslity ohangs
at 1309 F, -5 te 10

reent; max, nautral{pereant; max, neatral-

1zation-numbar In-
oresss, 0,2

01.1{ but not tasky
resldue

Residue not taoky

Fluid and fluid plws 10
percent AN-0-366 remsin
uniform ligulds at -859
F for 72 hras

D:tmined not controll-
E-1

May, walght change
sfter 168 hrs af 250° P
for steal, AL allay
alloy, Gd:pll.tad lt;.E
0.2 ng/sq om; for Cu,
0.2 mg/8q m

¥nz. viscoslty oha

nge
at 1309 P, -5 to 20 pars.

cent; max. neutrali-
zatlon—nunber incrsase,

Maz. walght shange of Cu
strip after 48 hrs at
800° F in fluid plae 25-
percent watsr, 0.5 ng/sq
cm; max, neutrali-
zation~nimbar increass,

011y but ot tacky
rasidue

- §98T

s
[o)]
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Shaar atability Aftsr 5000 nyalea at
1000 lb/sq in., 1740
rpa, and 100° l‘, vis-
nol{ty poaroantage do-
arakae At P and
~40° F not sbar*
than for AN-F-53 re-
Taranse fluld; max.
nautralization-number
increans, 0.2

Wear and }ubrioabion

Volatility

At 3000 lb/aq in.,
3000 to 3800 rpm, and
Llﬁco F, aqual or
battor parformsnes
than with AN-VV-0-368b
fluid; viscoxity,
neutralization nvmber,
and pH datermined

Vuur of Yiokers PP-
3811-35 pump in pre-
vlous test squa) to
or lesa than with
AN-YV-0-346b fluid

Powar system

Inflammability basts
Flash point (win.), °F 200

Mtogsnous«ignition tempera~
ture (min,), °P

Wiak

dpray

Righ-temperatures Linition

Kanifold (at 1300° P}
Incandinry gunfive

At mtrut oparetl
rate of 2 las/min

[ 4] lul:t equal to
AR-¥V-0-36868b fluid

After BOOD oyoles at
1000 1b/wq in., 1740
rm, and 1007 15, vine
uouity parventags dow
oreass at 1500 F wust
ba no granter than for
AN-P rafarence
fluid; maxs neutrali-
Eation=-mumbar increase,
0.8

Wear of Feacp 540 gear
#p atber 500 hra at

00 rpm, 1600 1b/8q in,,
and 1600 F no greater
than with AN-0-366 fluid.
Satiafaotory opsration
in other mmps as dater=
minsd

Fluid taken fram Pasco
pump teat muat pasm high-
tamperaturs ignition
tant

760

Parformanca at lsast

to HA-1 refer-
ce fluld

Ho ignition; or self-
extingniah upon re-
moval of test flawma

Fo fgnition on manifold

ar upon lesying manifold
No ignitiom by 0.30-oallben
Inocendiary bullst

SFlulds unsuited for prosent l:“man will be considersd If manufacturer develops sultabla paek '
Tems

which meet funntional requ

nta of pagking apecifiantions,

bFLuds raquiring sposial hendling beosuse of toxialty will be sonsldered if manufecturver furnishes

toxicity data by wedloal authoritiss.

SProforrod upper limit; aatisfaotory for all comperolsl aivoraft (grads R000).
duaxioom upper "Linit; mxy be restrioted to sertein types of alreoraft (grmde 7000).

*Flulds having lowsr visooal

no excessive loakage have been demonatrated.

THighsr values aocceptable if proper mystsm panforwance can ba dsmonstratad.

than allowed at 130° ¥ will be considersd if satisfactory pomp life and

624043 Ny VOVN

Ly




SeSam— NACA RM E50F29

TABLE II ~ FLAMMABILITY OF GLYCOLS AND AQUEOUS MIXTURES
Eleference '?; table VI, p. 16145]

Viscosity, (Flash PointJS.I.T. Spray |Incendiary
Fluid Cs, at (C.0.C.), OF. | Flamma-|[Fire Test,
100° F, oF, bility| Flame
Limit, | Height,
£ Oxygen Feet
Ethylene lycol 8.7 240 856 40 S=8
Plus 10% water %] —— 862 - -——-
Plus 154 water 6.0 ——- -—— - 3
Plus 20% water 5.1 -—- a7l 48 ——
Plus 25% water 4.4 -— -—— - 1
Plus 30% water 3.8 ——— 880 - ———
Plus 35% water 3.2 - 885 67 2
Plus 40% water 2,8 -—- 892 - -
Plus 50% water 2.2 --- 903 >80 ---
Plus 60% water 1.6 —— 918 -- ———
Plus 70% water 1.3 - 934 - ——
Plus 80% water 1.1 -—- 956 -- -—
Diethylene glycol 16.0 280(300} 900 42 ——
Plus 20% water ——— ) ——— -—— 50 ——-
Plus 35% water === = -—- >80 -—-
Propylene glycol 19.6 230(235) 835 38 ——
Dimethoxytetrasthylene glycol 2.5 2850 -— 12 -—
Plus 45% water ) -—=- -— -~ | >80 -—
Diethylene glycol monocethyl
ether 2.8 210b 790 12 -—-
Plus 45% water —— ——— -—= 80 -
Ethylene glycol monomethyl
ether 1.3 115 —— 12 —-———
Plus 45% water ———— —— — 29 -———
Plus 45% water plus 25%
glycol . -—— -—- - | >so -
Ethylene glycol monoethvl
ether 2.2 at 68° 1350 —— 12 —
Plus 45% water ———— -—- ——— 51 -
Plus 45% water plus 25%
glycol - - -—— --= | D80 ——
Ethylene glycol monobutyl
ether 2.4 165b -— ig ——
Plua 45% water ——— i —— 56 ——
Plus 45% water plua 25%
glycol . ———— —— -——- >80 c——
8When available, fire point is given in parentheses. g::EEE:::;?

bManufacturert's datsa.

gastl
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TABLE IIT - COMPOSITION AND PROPERTIES OF HYDROLUBES

(2) Composition ‘:$§§§;7

Hydrolube A2
Pegcent
Components Y
welight
Acrysol G-3493-B 1:;01'_9'mer'b 4,8
Ethylene glycol 52.6
Water (distllled) 3848
Priethanolamine 1.6
Phosphorlic acid o4
Diisopropylamine nitrite 1.6
Sodium mercaeptobenzothlazole «2
Hydrolube U2
Ucon 75-H=-69400 polymerb 10.2
Ethylene glycol 49.7
Water (distilled)} 36.4
Diethylethanoclamine 1.5
Phosphorice acid «5
Diisopropylamine nitrite 1.8
Sodium mercaptobenzothiazole o1l
Hydrolube U=-4¢
Ethylene glycol 38.4
Ucon lubricant 75-H-90000 P 9.6
Distliled water S6.9
Ethylene glycol monobutyl
ether 10.0
2=-Methyl-2,4-pentanediol 2.0
Diamylammonium laurate 1.0
Diisopropylammonium nitrite 1.7
Salicylal ethanolamine 2
Sodium mercaptobenzothlazole «2
(b} Properties
Viscoslity Freezing
(centistokes) point
Hydrolube (°F) PH
-40° F| 0° F|100° F 1300 F
AR 1260 180 15 9.6 Below =80| 8.0-8.2
ya 1760 240 16 10 Below =50| 8.8-8.9
U-4 |91850 |d245 | 927 [%10 (min.)|®Below -50{®8.2-8.7

8Reference 9, p. ll.

bViscosity-index Improver.

CComposition for & recent cormercial sample of Carbide and
Carbon Chemicals Corpeoration,

dReference 11, table II.
®Navy specification 51F22 (Aer.), Oct., 1947,
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TABLE IV - GEAR-PUNP RURS ON DIMETHYL-SILICONE-POLYMER FLUID

[Reference 20, table 2, p. 364]

A

Run No. AN=VV-D~366D
P=11 P=-13 P-18 P-19 P=20 P-2] P-32 P=23 P=E5 P=60 P-63
Time in hours 48 50 41 100 100 100 100 100 500 100 100
Sump tmip. op 180 180 180 180 180 180 200 200 140 180 180
F3I high 1500 1500 1500 1000 1500 1500 1500 1600 1500 1500 1500
PSI low 135 110 150 150 175 | 140156 180 | 165-186 |210-300| 38=40 37-45
Flow GPN:
Start 3.24 3.26 3,35 3.84 .34 356 3.24 3,38 3,51 3.08 2,07
Finish 3.27 B.30 S.24 3.84 S04 5,54 3.12 &.358 SedS 3,04 2,02
Cyales approx. 9,50 9,750 | 8,118 |19,440 |20,040 | 20,040 {19,080 { 20,100 |la6,00¢| 18,000 |[16,000
¥t. loss grams: : . '
Drive gear 2+ 0008 | ==mumenanl L0117 - 0034 +0048 »0006 «0098 «0044 .0050| 0438 «0B35
Drivon geer 20045 | =wm == ———| L0072 0000 .0020 0011 .0041 .0000 0028 L0578 .0592
Max. ons bushing 20054 | mmmrmmm -=| .0068 .0081 D010 0010 0088 | +,0004 .0188 .178€ 0102
- Potal bushings L0042 | mm=mrune=l L0133 20171 0024 0020 L0137 | +.0010 «0208 « 4452 0204
) ' 1
Visc, os.1 ' . '

Start wmmwee| 80,35 69,27 69.27 89.27 71,11 69.27 71411 71.11 1%.87 13,357
Finlsh w—mem| 658,51 68,85 68,68 69,83 72,05 70,39 72,34 70.16 7.884 8.485
Pilter type Sicirmer| Purolator| Skinner |Skinner |Skinner| Siimner |Skinner | Skinner |Siinner|Purolatar Purolater

: no bag|line typejwith bag|with bag|nc bag¥| with bagino b with bag{no bag |lina typs|line type
Appearance of Cloudy| Light Hezy Hezy Bazy Clear, Hery Clear Clemr
oll after run gel | mmber, light anber anber desp
claar axnber yeollow

Camrs & bushings New Now Hew New (From From P-19} Naw New New Kew Broken in

P-19 |snd P-£0 100 hras.

#yrtay 40 hours.
#¥:fter 60 houra.

98T
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Tast Conditiona: Pump

TABLE V - VISCOSITY STABILITY AND WEAR CHARACTERISTIGS OF HYDRAULIC FLUIDS CONTAINING TRI~N-BUTYT, FHOSPHATE

Valvas =
Praszure =

Deseriptlon of Fluid:

Peaco 348 Qeer
Viekers Model C-167-03
1000 to 2500 ptﬂliu

18,2 welght € Aeryloid 855 in en B0-20 waight ratio mixture of tri~n=buty) phosphate and
2«sthylhexyl sebacate (PRL 2476).

[Rererance 85, tabls XXIX, p. 13|

Pump Speed =
Temporature =
Test Time =

3600 re.p.m.
lOOo Fa to 2000 Fn
100 houra (total)

R

RUN TRST PRESSURE, | OIL FLOW RATE, |LOSS IN WEIGET OF PUMP PARTS AFTER |# DECREASE IN 1000 F. NEUT. NQ.
N0.| TIME,| P.3.I. |[TENF., GePuM, TR3T, GRAMS. C13TOKE VISC. OF RESIDUE
HOURS ow. AFTER 6000 CYCLES MG. KOH/GM, 011,
INITIAL|FINAL|DRIVE| IDLER ——BRONZE BUSHINGS —
OBAR| (HAR A | B | a l D
PRL Pump Test Unlt ¥o. 3 -~ Viakera Model C~187-G Valve
162 100 | 1000 100 B.57 | 3.67|0.176] 0.078] 0.011] 0,011] 0,013] 0.01Y £8.0 0.73
1631 0 te 22] 1000 100 3.80 | 5.80| = - - - - - - -
Ea to 48| 2000 150 5.80 | 3.5¢| - - - - - - - -
8 to 87| 2600 200 3.54 | 3.40(0.493|0.808|0.022|0.041|0.025|0.088 - 1.04
168 00 | 1000 100 .57 | 3.50/0.150/0,072|0,000|0.012|0.0L3]| 0,012 26.4 De44
Typloal Eydrocarbon-Base' Specifigation 0.3. 2043 Fluid (P_L_l__)_
130 100 1000 100 | 5.43 I a.44|o oo:aE.OOE|o.004|o 001|o.001|o.oo4| 0.2 to 0.3

£24063 WH VOVN
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TABLE VI - COMPOSITION AND PROPERTIES OF VARIOUS LESS INFLANMAELE HYDRAULIC FLUID FORMULATIONS

Eofevonce 29, table 9, p. St‘zl

Blend Designation PRL 2757 [PRL 2738|PRL 2739 |[PRL 2740 |PRL 2741 |PRL 2742 |PRL 2610PRL 2811|PRL 2612|PRL 2745 [PRL 2744 |PRL 2745| PRI 2746
Composition, wt, z:
Acryloid 855 mtivo)(” 6.9 6.8 4.0 9.2 8.2 5.0 7.0 7.4 7.4 2.0 3.2 4.8 6.2
XCT White 041 5.5 21.4 3.2 27.9 4.9 3.9 5.5 5.8 5.8 1.8 2.8 3.8 4,9
Volteaso-56 (1 - 20.6 - 18,8 | 1 = - 13.1 11.8 11.8 - - - -
2-Ethylhexyl Sebacate - - 46.4 - 44.5 45.68 - - - 48,2 46,7 46.0 -
Hexashlorobutediene 87.8 51.3 18,4 - - 22,7 74.4 50,0 26,0 - 23,9 - 471
Monochlor Xylene
Hexafluoride - - - 44,0 44.4 22.8 - 26.0 25.0 - 23.0 -
Dichlor Xylene . : :
. Hexalluoride - - - - - - - - 25,0 - - - -
Pluorolvbe P3 - - - - - - - - - 48,2 23.8 22,9 41,8
Properties;
Viacoalty in centistokes a 4
2100 B, M aoa| sem|  emr| sos|  saz0|  sss| 4.9 4.8 4.4 3.66 | 4,39 | 1008 | 1008
1300 F, (extrapolated) 10.7, 10.9 8.9 11.0 10,7 10.1 10,1 10.1 9.0 8.8 2.8 15,7 14,
1000 F. 14.8 18.5 14.9 15.8 15.9 14.9 14,3 14.4 12,9 14.3 15.2 190 _?2)
0° P, (extrapolated) 75 106 148 201 149 142 . B84 20 80 -(2)] 198 180 -
-259 P, (extrapolated) 157 265 434 240 430 400 170 183 164 - 490 1584 (3) -
-40° F, - 2885 B10 971, 454 989 939 268 208 283 - |[1B08(®)
A.5.T.M. slope 0 0.45(4)
(210° to -40° F) 0.46 04651 0,59 0.51 0.58 0.50 |  0.49 0.51 0.63 0 ??&) 004 <-75?g? <-78(5
4.8,T.M, pour point &6 |18 |15 |15 [ <8 | <18 | <75 78 |<-16 | <-7818) [c275(6

{(L)pypical spes, AR-0-366 hydraulic-fluid constituents.

(2)A11 componenta are not mutually aoluble balaw 0° F.
{3)P1ulda axhibit clouds at -40° F.
{4)p,5.7.0. slope for the interval of 210° to 1000 P,
(S)Phase separation noted although bulk of fluid flows at -75° F.
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TABLE VII - FORMULATION DATA OF SIX EXPERIMENTAL LESS
FLAMMABLE HYDRAULIC FLUIDS

[Reference 28, table XVIII, p. 45]

“‘ﬂ;ﬂp”

MLO Number
Percentage Expressed as % by Weight
Components
3539 | 3541 | 3572 (3573 | 3574 | 3606
Petroleum Base Stock 51le0 | 5lal | 512 |51le0 | 51e6 | 5248
Aerylold HF-855 77 79 6,26 6.8 | 10,0 6.3
Paranox 441 O0ct | 0.4°| 0.4 | 0.4] 0.4 0.2
Fluorolube Fore Shot 15,6 | 17.9 | 16.7 [1l6.4 | 15.0 7.9

Tetrachlorotetrafluoropropane|25.8 | ====| ===e |ccca | mece | waea

Chlorobis (trifluoromethyl )~ e [ 23,] | == | mmamm | e | wmaa
benzene

Dichloro(trifluoromethyl)- e | mmem | 24, SRR, [ re—
benzene

Dichlorobis (trifluoromethyl )=]| ==== | =c=c | === 25,4 | ==w= | =caa=
benzene

3,3 Difluorotetrachloropro- cemne | cvee | ccas |a-ee | 25. ————
rene

Chloro-l=(trifluoromethyl )=de| —c== | cace | ccax [ccec | ceaa | 32,6
(chlorotetrafluorocethyl)-
benzens

* Paranox 441 percentage not figured into the final component
percentage. -




TABLE VIII - PRQPERTIES OF HALOGENATED SNUFFERS

[Da.t.a taken from reference 28. All temperatures have been converted from °G.]

A v

Viscoalty Bolling Freezing |Flash| Firs]Spontaneous{Cool flame
Compounds et 100° P ra.n?a TAn polint |point| ilgnition |temperature
{centipolses) (°F (‘:’F?o ©r) | (°F) taﬂ;}gfure (°F)

3-Chloro (trifluoromsthyl )benzene 0.716 275 -PBe3 127.4|158 1440 1298
4-Chloro (trifluoromethyl )benzene .708 276.8 -5.4 113 (140 1450 1303
2-Chloro (trifluoromethyl Jbenzens 927 S00.2 24.8 89.8|120,2 1425 1303
Dichloro (trifluorcmathyl )benzene 1.84 347 to 356 24.8 to 41.0]/3535.8(339,8 14256 1202
Chlorobls (trifluoromethyl benzene -2 967 280.4 to 295 -139 to -148{293 (203 1386 1164
Dicllorcbis (triflucromethyl benzene 1l.68 334.4 to 336.2 | ~40 to -54.4|338 |338 1483 1303
Perfluoromethylnaphthalens . 4,15 321.8 to I23.6 | -112 320 320 - 1521
4~ (‘Priflucromethyl)-1-(chlorotetra-~

fluorcethyl)benzens 1.560 218.2 10.4 to -4 |320 (320 ——— 1206
Haxafluoroxylene «580 241.7 =~31 to -45.4|167 250 1436 1436
Perfluorodiethylceyelohexans 1.458 291.2 ~104.8 293 |283 111e 1004
Tstrachlorotetrafluoropropane 1.17¢ 2355.4 -166 233.6|233.6 1382 13582
3,53-DMfluorctetrachloropropens ' «867 264.2 =1d44.4 258,8(258.8 1355 1130
Trifluoromethyloxybia (trifluoro~

methyl)b_anzene 21.01 275.4 -121 £75 275 1528 1341
Chloro-1-(trifluoromethyl )~4=

{ehlorotatrafluorcethyl )benzeans ———————— 386 -64 FVNDREG EVEVEN R ——————

3t 103.8° F,

147
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TABLE IX -~ EYDRAULIC FLUID INFLAMMABILITY TEST3

Tests condusted in ascopdance with the proposed speciflcation for non-flammeble GHype hydraulie fluid issued
by the Aircraft Industries Assoclatlion of America, Ine. and dated July 21, 1847.

[Referance 28, table 12, p. 4l ‘QZE§§§ZF'
Wick test
Fluid Wick Min. Nax. Self _
(Proportiona by time to | duration | extin~ |3pray teat | High temperaturs| Exhauat manifold
welght) ignite of gulahing ignition test test
{sec) |burning
(pec)
Es-lﬂ') Paper 1-1/2 17 No No Inerease| Flashes only Burne on pipe only
Fiberglaa| 1 13 Yes
AN-YV-0=-3686b Paper 1/8 14 No Inoreases |Sustained fire |Burns on pipe and
(IO e288) - pan
Fiberglas 1/8 8 No _
Lo 2758(1) Papar 1 1a No Ro increase| Flashes only Burng on plpe only
FPiberglas| 1 12 No '
Lo gyse(2) Paper 3 15 Yo No increasss|Flashes only Burna on plpe only
Flberglas] 1 11 ¥o
Hexachlorobutadiens |Paper 1 2l No Decrssses |Could not bs No flash on pipe cr
ignited pan
Flberglas|¥oc burn- Several
ing momentary
flashes

()10 2738 = 6.8 wt. % Acryloid 855 + 81.3 wt. % XCT White O11 (C.0.C, flash point, £820° F.) + 20.4 wt, £
Voltesso 38 (C.0.C. flash polnt, 300° F.) + 51.1 wt, % hazachlorobutadiene.

(2)1,0 2730 = 4.0 wt. % Aoryloid BED + 3.2 wt. % XCT White 0il (C.0.C. flash point, 220° F.) + 46.2 wt. 9
g-athylhexyl sebacate (0.0.C. flash point, 430° F.) + 46.2 wbt. & hexachlorobutadiene

(3)pata for HS~1 ia taken from A.I.A. proposed specification for non-flammable hydraulioc fluida

524063 WY VYIVN
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Table X - FLAMMABILITY TESTS
[Reference 28, table XX, p. 52]

HAA

Experimental Less Flammable Aircraft Hydreulic Fluids

Flammabllity Tests AN-0-366 |y1 0 3530|ML0 3541|MLo 3572|ML0 3573|MLO 3574|MLO 3606
Time to lgnite 0.6 sec. 1 sec. 1 sec. These tests not performed.
Paper Wick
ength of burning | 15 sec. 15 sec.| 15 sec. These tests not performed,
Time to ignite 0.5 sec. 7 sec. |0.5 sec. These tests not performed.
Flberglass
Wiek Length of burning B sec. 7T sec. [B8.] Bec. These teste not performed.
Spontaheous Ignition
Temperature, 978 1148 | 1150 These tests not performed.
Spray Test Increased
Filre |===c=-esccaceeees Extinguishes Fire---—--———c--—--
High Temperature Ignitlon Test|Vigorous
Flre |=-=re=e~ Burna only in Oxy-Acetylene Flame-—-———————
Exheust Manifold Burns on .
Pan | ===m=—=- No flaehing or burning on menifold or in pan

99
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TABLE XI - OXIDATIOR AND CORROSION GHARAdTERISTIGS OF HALOGEN-CONTAINING COMPOUNDS A
"SNUFFER"~CONTA INING HYDRAULIC FLUIDS w

[Hererence 29, table 14, p. 55-57] W
ggﬁgggtﬂo. a AN=-Q=366 1 2 3 4 B
or use None
Inhibitor concentration, wt.% Hone Hone gﬁanu 433.‘4
Test fluild Hexa= |Fluorolube Monochlor |PRL 2738|PRL 2738
ehloro=- P3 Xylene
butadilene hexafluoride
Overall liguid loss, wt. % 8 max. 3 3 72 4 4
$ change in viscosity
At 1503 F. ~§ to 20 +1 +8 +53 =13 +9
At 00 P. 0 +25 +87 +55 +16
Neut. No. (mg. KOH/gm. oil):
Origina',l. 0.2 max. 0.1 1. 0.0 0.2 0.2
Final 0.2 Mmax. 0.1 " l.B 1.0 8.4 1.4
increase
A.3.,T.M. unjlon color:
Orlginal 1- 1- 1- 1- 1-1/2| 2-
Finsl 1-1/2 1- e-1/2| >8 >8
Wt. 4 insoluble material None None None None None None
Final catalyst eondition:
Appearanee:
Copper Ho etohing, |Coated Dull Corrodad Couted |Coatad
Steel pitting, or |Rusted Bright Rusted Rusted |Rusted
Al inum visible Corroded Bright Corroded Corroded; Corroded
Nagnesium corrosion Corroded Brlght Corroded Corroded| Corroded
Cd-pltd. steel on all metals|Bright Bright Coated Lull Bright
Wt. loss (mg./sq. em.):
Copper +0.6 +0.40 +0, 06 =031 +0.52 | +0.4]
Steel +0.8 +0.08 +0.01 +0.12 +0.17 | =-0.85
Aluminum +0.2 =0.08 +0.0], +0,11 +0.02 | +0.17
Kagnesimn +0,.2 ~-0.43 +0403 +0.11 +0.08 | =0.27
Cd-pltd. steel +0,2 =0.08 +0.01 +0.14 +0.,02 +.04

624063 W VOVN
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TABLE XI = OXIDATION AND CORROSION CHARACTERISTIC3 OF HALOGEN-GONTAINING COMFOUNDS AND
"SNUFFER™-CONTAINING HYDRAULIC FLUIDS - Continued

[Reference 29, table 14, p. 56-57 A

Column No. 6 | 7 | =8 9 10 1 | e
Inhibitor used Stan Add 43B Methyl Hi #4 B Naphthol
Inhibitor concentration, wt.% . 0.4 . 0.4 0.4 Oed 0.4
Test fluid PRL, 2738| PRL 2738 |PRL 2739 |PRL 2738 |PRL 2739| PRL 2738|PRL 2739
Overall liquid loss, wt. % 5 4 3 5 4 5 14
£ change in viscoaity

At 130° F, +18 +19 +13 H +f =12 +54

At QO P. +25 +32 +16 +159 +15 +67 +61
Neut, Ko. (mg. KOH/gm. oil): ” o

Original r°02 0.2 00 02 0-5 0-1 0-1

Final o.of)} 0.5 0.0l 0.4 0.0 o0.40| 0.0
A.5.T«M, unlon color: v s " e Ve Ve y

Original 1- 3~ 2 1= 2 1= 2-1/2
_ Pinal >8 >8 | >8 8+ >8 >8 8
Wt. ¥ insoluble material None None 0.1 4.3 1.2 0.2 0.5
Finel ocatalyat conditlion:

Appearance: .
Gopper Bright |Coated Coated Dull Corroded|Coated |Bteohed
Steal Rusted |Rusted Rusted Lacquered |Rusted |Dull Rusted
Aluminum Bright |Bright Dull Bright Corroded|Bright Pitted
Magneglium Dull Dull Corroded [Corroded |Corroded|Corroded|Corroded
Cd-pltd. steel Bright |Lacquered|Lacquered|Bright GCoated |Bright [Dull

W&, loss (mg./sq. cm.):

Copper -0.47 +2.50 +3.,07 ~0477 ~0.30 +1.02 ~0,73

stQE]. +0,33 +0.36 +.74 ~0.,19 =0.15 =(,08 -0,51

Alumimm 0.00 +0.05 +0.03 0.00 +0,16 0.00 | +0.14

esium +0,09 +0.11 +1.35 +0,87 ~0.59 +0.50 | =0.36

Cd.-pltd. steel =0.27 +0.64 +.12 -0,88 +0.05 =0.04 +0,11

84
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TABLE XI - OXIDATION AND CORROSION CHARACTERISTICS OF HALOGEN-CONTAINING OOMPOUNDS AND

WSNUFFER™~CONTAIRING HYDRAULIC FPLUIDS - Continued
[Rererenos 29, table 14, p. 55-57]

29T

SSHACAT

Column Noa 13 14 16 18 17 18 19
Inhibitor used Aerolube 78 Tubriecl 728 Caloo MB | 0.4 wt.¥ Aero~|0.06 wt.% Pare-
Inhibitor concentratlon, wh. % 0.4 0.4 0.4 0.4 0.4 lube 76 + 0.05|nox 512 + 0.2
wt.¥ Dupont |wt.¥ mercapto-
metal deaotl- |benzothiazole
vatop
Test fludd PRI, 27%8| FRL 273% |PRL 8738[PR5 27359 PRL 2738 PRL 2738 PRL 2738
Overall ligquid losa, wi. % 4 4 5 4 4 1 4
% change in viscosiby
At 1300 F, +9 +10 +7 +26 +21 +7 +4l
At o° F. +24 +20 +28 +30 +24 +18 +44
Neut. No. (mg.KOH/gm. oll): .
Original e /m 0.4 0.4 0.5 0.2 0.2 0.5 0.7
Final 0.1 1.08| 0. 0.100) 0.2(1} 1.4 0.2(1)
A,5,T.M., union scclor:
Original 1-1/2|  e-y/2 B-i/2| _ B-1/2 3-1/8 g- 4
Final >8 >a >8 >8
Wt. £ insoluble material Yone 0al None 0.l None 0,1 0.1
Pinal catalyst ocondition:
Appearance: '
Copper Corroded |Et.ched |Corrodad|Etehod |Coated Corroded Coated
Steel Dull Ruated |Dull Rusted |Rusted Dull Rusted
Aluminmuzn Bright |Pitted [Bright [Correded|3l.corroded Bright Bright
Megnesiug Corroded |Corrodsd|Corrodsd |Corroded |Bright Bright Dull
Cd-pltd. ateal Bright [Dull Dull Dull Lacquarsd Bright Lacquarad
Wt. loas (mg./sqg. om.):
COppBI‘ -2.50. =3¢ B3 =5e 83 2,06 +2.92 =043 +2. 56
Stesl =0.058 +0.20 +0.07 +0,05 +0. 32 +H.05 +0.46
Aluminmm 0.00 +(.08 0.00 +0,11 +0,035 0.00 +0.,05
Magnesium +0, 53 =031 +1.15 -2.,18 +0,00 +0.01 +0.11
Cd-pltd. atasl =0,02 =0.08 10,08 +0,082 +0.56 ~0.06 +),76
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TABLE XI - OXTDATTOK ARD CORROSION CHARACTERISTICS OF HALOGEN-CONTAINING COMPOUNDS AND
"SNUFFER"~CONTAINING HYDRAULIC FLUIDS = Continued

[Reference £9, table 14, p. B5-57

RN

Colmn No. 20 21 22 23 2 24 25
Inhibltor used 0.4 wt.% Pare-|0,4 wb.£ Para~|0.4 wt.% Stan- 2.6 wt.% {2) 2.6 wt.£ Para 2.6 wt.% Para-
nox 441 + 0.05|nox 441 + 0.05|Add 43B + 0,04 Paranox 447A|nox 447A + (.% nox 447A + 0,05
wt,% Dupont vt.% Dupont wt.% Paranox wt.% mercapto- vt.% Dupont
stal deaoti- |metel deasti- (512 + 0.06 wt benzothiazole | metal deactie
r:ator vator % Dupont metal vator
deactivator
Taat fluld PRL 2738 PRL 2738 PRI, 2738 PRL 2738 PRL 2738 PRI, 2738
Overall 1iquid loss, wt..% 3 4 3 4 4 4
;4 change in viscosity
At 130° P, =5 -8 +20 +9 +21 +0
At 0o F. +72 +63 +20 +13 +24 +20
Neut. No. (mg.KOH/gm. ofl)g . s . s
O:‘.lginal . 0. 0.2 118 0.2 Qs [»13
Final 8.8 8.4 0.3(1) 0.2 0.2(1) 0.4{1)
A.3.T.M, unlon color:
Original 2- 2- 2~1/2 1-1/2 2-1/2 2-
Final >8 »8 >8 7= >8 >8
Wt. £ insoluble material None None Hone 0.2 None None
Final oatalyst condition:
Appearance:
Copper Coated Coated CGoated Coatad Corroded Sl.coated
Steal Pull Dull Rusted S8l.rusted 3l.rusted 3l.rusted
AlumLoum Bright Bright Bright Corroded Bright 8).corrodad
Nagneaitum Dull Dull Dull Sl.corroded Bright 31.corroded
Cd-pltd. stasl Conted Conted Lacquered Corroded Leecquered Bright
Wt. loss {mg./3q. om.):
Copper 0.00 +0,08 +1.02 +0.21 =3.85 +0.16
Steel +0.03 +(Q.01 +0.87 +0,09 +0,05 +0,08
Aluninum +0.05 +0,03 +0.06 +0.18 +0.05 +0.12
Hagnesium +0.13 +0.14 +0.15 +0.10 +0.06 +0.07
Cd-pltd. steel +0.50 0,354 +0.54 =3+00 +0,08 =0.06
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TABLE XI - OXIDATION AND CORROSION CEHARACTERISTICS OF HALOGEN-CONTAINING
COMPOUNDS AND "SNUFFER"-CONTAINING BYDRAULIC FLUIDS - Concluded

[Reference 29, table 14, p. 55-57]

SNAGA

Column Noe. 26 27 28
Inhibltor used O.4 wt.% Para-{0.4 wt.% Para-|0.4 wt.% Paranox
nox 441 + 0.05|nox 441 + 0.05|441 + 0.05 wt.%
wt.£ Paranox |wt.® Paranox |Paranox 512 + 0.05
512 + 0.05 wt.|512 + 0.05 wi.|wt.% Dupont metal
%4 Dupont metal|% Dupont metal|desctivator + 0.4
deactivator deactivator wt.£ tetrabutyl tin
Tesat fluid PRL 2738 PRL: 2738 PRL 2738
Overall liquild loss, wh. % 3 3 2
% chenge in viscoslty
At 130° F. +10 +9 +8
At o° F, +20 +20 +12
Feut. No. (mg.KOH/gm. oil):
Original Oo4 O.4 03
Final 1.0 1.0 0.6
A.Se.TeM. union color:
Original . 2- 2= -
Final >8 >8 4
Wt. € insoluble meterisal None 0.1 None
Final catalyst conditlion:
Appearance:
Copper Dull Dull Dull
Steel Dull Dull Bright
Alumlnum Sl.corroded Sl.corroded. Bright
Magnesium Dull Dull Bright
Cd-pltd. steel Bright Dull Bright
Wte loss (mg./sq. em.):
Copper +0.15 +0.16 +0.089
Steel +0.01 0.00 +0.10
Aluminum +0.03 +H0.03 +0.12
Magnesium +0.05 +0.06 +0.09
Cd=-pltd. steel +0,08 +0.01 +0.07

(l)Fluorescein used as indicator instead of brombthymolblue.
(2)papanox 4478 = 16 wt. 4 Paranox 441 + 2 wt. % Paranox 512 in Volteaso 36.



TABLE XTI - TEST DATA OF LESS FLAMMAELE FLUIDS AS COMPARED TO SPECIFICATION AN-0-368 REQUIEENENTS
[Referense 28, table XiX, p. 48

<A

Experimental Less Flammable Afroraft Hydranlls Fluids

Speciflcation AN-0-386 Requirements

Tests MLO 5539|MLO 3541 {NMLO wmru.o S NLO 3574]MLO 38
Keutralization Ko, Q.20 0,51 0.26 Q.32 0.59 0,22 D.29
Color Pass Pass Pags Pass Pass Pass Pass
Visecoslty (Gentistokea)

8 4OV P 500 409 404 S35 428 422 445

8 130° P 10 10.8 9,36 8.4 B46 12,3 B.5
V:lacoaitg (Centipoises)

e -40YF 440 467 441 378 492 486 500

& 150° F 8,768 11.4 10,0 B.75 g.1 15.1 8,9
Fire Point, Open Cup, °F 240 390 390 406 390 450 340
Copper Strip Corroslon

72 hour & 3122 F 8light brown stain| Pass Pass Pass Pass Pass Pass
Evaporation Shall be olly Pass Pass Paas Pann Pass Pass
Low Temperature Etablility -85° P Pass Pass Pass Pass Pass Paas
Oxldation Corroslon

Stabllity & 2120 P Losa or galn

Copper 0.2 mg/sq om 0.08 0.1828 | Nil ¥1il il Wil

Stesl 0.2 mg/sq en N1l §i1 N1l Nil N1l Nil

Cadmium Stesl 0.2 mg/sq em N1l K1l Hil Nii Hil ¥il

Aluminum 0.2 mg/6q cm Nl N1l N1l Nil ¥il N1l

¥agneslum 0.2 mg/iq cm 0,04 0.104 Nil Nil ¥il Nil
Vizsible Gorroajon after

Teat

Copper No etehing,pitting|Slight brown stain Bright | Bright | Bright |Bright

Stesl or visible corros-| Bright  Bright | Bright | Bright | Bright |{Eright

Cadmium plated stesl “ion on all metals | Bright | Bright | Bright | Bright |Bright |Bright

Aluminum n Bright | Bright | Bright | Bright | Bright |Bright

Magnesium n Bright | Bright | Bright | Bright | Bright {|Bright
Welght € Loss of 0%l

sfter Oxidation-Corroaim 8f max, 5.8 5.0 6.2 6.5 1.8 5.9
Viscosity Change in %

6 150° F =5 to +20% 1.5 2 2 2 0 1
Noutraliration Ho, Increase +0,2 max, =030 =0,38 -0,16 | -0,18 ={0,04 ~0,23
Rubber Swell % Yolume increase

Rubber F ({Perbunan 25) 8.6% - 14,5¢ 16.8 20,2 These testa not performed,

Rubber H (Hyoar OR-25) 5.? = 9,64 11.8 18,3 Thess tests not perfarmed,

Rubber K (Neoprene) 334 - 824 46 .4 43,8 These tastz not performed,
Pour Point =73 =80 -80 =75

] -0

| =90

J-TB
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TABLE XIIT - PUMP TESTS CONDUCTED WITH LESS-INFLAMMABLE HYDRAULIC FLUIDS IN A PESCO 349
GEAR PUMP

A1)l Testas Conducted in a Pesco Model 349 Gear Fump Loaded by a Vickers Model 167G Pres=
sure Relief Valve

6240493 WY YIVN

[Reference 23, table 13, p. 53] T
( PRL 2286 ¢ PRL 2785 W PRL 2724 56)
3pee. AN-VV-0-366b)| (Snuffer Type Fluld)| (Spec. AN=VV=0=3
Test fluld P + 1% Tricresyl
Phosphate
Pump Test Condiltions:
Pressure, p.s.i. 1000 2500 1000 2500 1000 2500
Speed, T.p.me. 1800 3600 1800 3600 1800 3600
Temperature, °F, 100 200 100 200 100 200
Time, hra. 100 100 100 100 100 100
Flow rate, gepen. 1.80 3.43 1,75 3.48 1,75 3.R6
Logs In Wt. of Pump.
Parts, pgms.:
Drive QGear 0.008 0,104 0,004 0,061 0,001 0.026
Driven Gear 0,024 0.090 0,006 0,060 0,007 0.018
Bushing A 0.013 0.038 0,000 0,002 0,012 0.020
Bushing B 0,014 0,045 0,002 0.036 0,004 0.056
Bushing C 0,003 0,051 0,000 0.0086 0.009 0.024
Bushing D 0,009 0.033 0.000 0,036 0,011 0,030
Total, 4 Bushings 0,039 0.187 0.002 0.080 0.036 0,130
| Teat Fluld Propertles:
Centlstoke Viscosity
at 100° F, - 14,1 14,1 14.5 11,6 (1) 14.3 14.3
5000 Cycle Viscoslty (1)
Decrease, ¢ . 21 40 22 = 20 38

(1)the charge for this test consisted of 4000 ml. of the residue from the mild
condition teat plus 1000 ml. of new PRL 2785 makeup fluid. Therefore,
the measure of the viscoslty decrease due to shear in this test 1s not
directly ocomparable to the other values listed in this table.

£9




$48 - 05-4-8 - HpiuT-yOVN

TABLE XIV = PROPERTIES QOF LZESS-INFLAMMABLE FLUIDS COMPARED WITH AN-0-386 FLUID

i

AN-0-3488 Glycol darivative Water baoe Silicone Ester base Baloganated
anufrar
Patroleom Polyglycel derive-| Water, ethylepe (Polymethyl or | Phosphate (or Chlero, chloro-
fractions, |tlve, dicarboxy- glycol, other |poly-(methyl, |dlcarboxylate, [fluoro compommds,
vizgonlty- [late or phosphats, glyeola, and phenyl) borate, or patrolsmg frac-
Typlcel index Improver, | viacoaity-index vapor-phass ailoxane earbonate) tloos, viscosity-
components linhibitora, and| improver, and and other in- esaters, index lmprover, and
tivear addit=| inhibitora hibitors viscoaity-index |oxidation-corroaion
ive Improver, and Inhibitor
inhibitors
Inflamnebliity Inflammable [ireatly decreased Vory groeatly Greatly Decresne Very greatly
deareassd m-~ dsoraassd - depending on decrenssd, depend-
leas water estar Lype on smount of
opospes utilized sultable snuffer
enployad
via(couity )
centintokes
at 1509 P 10 (min.) 810 a1p azy b37 (at 1000 P) g
at -40° P 600 (max.) 85500 21860 axxe by7g %404
Corrosion of Nonoorrogles |——--—-- e m——— Hagnesium Nonoorroalve | Nencorroalve Noncorrosive
wetale attacked if inhibited with selectad
inhibitors
Effect on [Present packing |Poor, dues to eater 3atisfactory, Poore Cause awelling | Canae swelling
standard dsaigned for contant particularl
packings this fluid below 180°
Toxieity Nontoxin Nontoxio 81licon dioxide Kontoxls Questionable
dust from fires '
bharmful to
porsannel
Spscific gravity| 0.80=0.85 21.06 81.06 L0.96-0.99
at 889 P
Compatibllitvy - Vary slight S Miscible
Pomp life [Losn than AN-0-388 | Lasa trhan (reator ahan About equal to
AN=0=3668& AN~Qu568 AH=0-386
Ralntive gcost Low darat Noderat 4,
ok ﬁalgm ¥o . erate Yery high High High
#Refsrenoas 11,
bPRefarence 86.
CRefarance 24.
dRerersnce 57.
S®Rafersnce 9.
fRaferenca 21,
BRal'srenca £O,
. gocl

o
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